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CHAMBER ARCHITECTURE FOR COOLING FIG . 6 is a diagram depicting an exemplary embodiment 
DEVICES of a piezoelectric cooling system . 

FIG . 7 is a diagram depicting an exemplary embodiment 
CROSS REFERENCE TO OTHER of a piezoelectric cooling system . 

APPLICATIONS FIGS . 8A - 8E are diagrams depicting exemplary embodi 
ments of a piezoelectric cooling system usable with a 

This application claims priority to U.S. Provisional Patent structure . 
Application No. 62 / 717,474 entitled PIEZO ELECTRIC FIGS . 9A - 9C are diagrams depicting an exemplary 
MEMS - BASED ACTIVE COOLING FOR HEAT DISSI embodiment of a piezoelectric cooling system usable with a 

10 structure . PATION IN COMPUTE DEVICES filed Aug. 10 , 2018 
which is incorporated herein by reference for all purposes . FIGS . 10A - 10C are diagrams depicting an exemplary 

embodiment of a piezoelectric cooling system usable with a 
BACKGROUND OF THE INVENTION structure . 

FIG . 11 is a diagram depicting an exemplary embodiment 
As semiconductor devices become increasingly powerful , 15 of a piezoelectric cooling system . 

FIGS . 12A - 12D are diagrams depicting exemplary the heat generated during operations also grows . For embodiments of piezoelectric cooling systems . example , processors for mobile devices such as smart FIGS . 13A - 13E are diagrams depicting exemplary phones , tablets and notebooks can operate at high clock embodiments of orifice plates for a piezoelectric cooling speeds , but produce a significant amount of heat . Because of 20 system . 
the quantity of heat produced , processors may run at full FIGS . 14A - 14D are diagrams depicting exemplary 
speed only for a relatively short period of time . After this embodiments of cooling systems usable with structures . 
time expires , throttling ( e.g. slowing of the processor's clock FIGS . 15A - 15K are diagrams depicting exemplary 
speed ) occurs . Although throttling can reduce heat genera- embodiments of cooling systems usable with structures . 
tion , it also adversely affects processor speed . As a result , 25 FIG . 16 is a diagram depicting an exemplary embodiment 
performance of devices using the processors suffers . As of a cooling system . 
technology moves to 5G and beyond , this issue is expected FIGS . 17A - 17B are diagrams depicting exemplary 
to be exacerbated . embodiments of cooling systems usable with a structure . 

Various mechanisms to address the generation of heat are FIG . 18 is a diagram depicting an exemplary embodiment 
known . Larger devices , such as laptop or desktop computers 30 of a cooling system usable with a semiconductor structure . 
include an electric fan that can be energized in response to FIG . 19 is a diagram depicting an exemplary embodiment 
an increase in temperature of internal components . How- of a mobile device incorporating a piezoelectric cooling 
ever , such fans are typically too large for mobile devices system . 
such as smartphones , may have limited efficacy because of FIGS . 20A - 20B are diagrams depicting exemplary 
the boundary layer of air existing at the surface of the 35 embodiments of cooling systems and associated electronics . 
components , provide a limited airspeed for air flow across FIG . 21 is a flow chart depicting an exemplary embodi 
the surface of the devices and may generate an excessive ment of a method for operating a cooling system usable with 
amount of noise . Passive cooling solutions may include a a structure . 
heat spreader and a heat pipe or vapor chamber to transfer FIG . 22 is a flow chart depicting an exemplary embodi 
heat to a heat exchanger . Although a heat spreader somewhat 40 ment of a method for operating a cooling system . 
mitigates the temperature increase at hot spots , the amount FIG . 23 is a flow chart depicting an exemplary embodi 
of heat produced in current and future devices may not be ment of a method for operating a cooling system . 
adequately addressed . Similarly , a heat pipe or vapor cham 
ber may provide an insufficient amount of heat transfer to DETAILED DESCRIPTION 
address excessive heat generated . Accordingly , additional 45 
cooling solutions are desired . The invention can be implemented in numerous ways , 

including as a process ; an apparatus ; a system ; a composi 
BRIEF DESCRIPTION OF THE DRAWINGS tion of matter ; a computer program product embodied on a 

computer readable storage medium ; and / or a processor , such 
Various embodiments of the invention are disclosed in the 50 as a processor configured to execute instructions stored on 

following detailed description and the accompanying draw- and / or provided by a memory coupled to the processor . In 
ings . this specification , these implementations , or any other form 

FIGS . 1A - 1D are diagrams depicting exemplary embodi- that the invention may take , may be referred to as tech 
ments of a cooling system usable with a structure . niques . In general , the order of the steps of disclosed 

FIGS . 2A - 2B are diagrams depicting an exemplary 55 processes may be altered within the scope of the invention . 
embodiment of a piezoelectric cooling system usable with a Unless stated otherwise , a component such as a processor or 
structure . a memory described as being configured to perform a task 
FIG . 3 is a diagram depicting an exemplary embodiment may be implemented as a general component that is tem 

of a piezoelectric cooling system usable with a structure . porarily configured to perform the task at a given time or a 
FIGS . 4A - 4D are diagrams depicting exemplary embodi- 60 specific component that is manufactured to perform the task . 

ments of apertures , orifices and piezoelectric / chamber As used herein , the term “ processor ' refers to one or more 
shapes in a piezoelectric cooling system usable with a devices , circuits , and / or processing cores configured to 
structure . process data , such as computer program instructions . 
FIGS . 5A - 5C is a diagram depicting an exemplary A detailed description of one or more embodiments of the 

embodiment of a piezoelectric cooling system and diagrams 65 invention is provided below along with accompanying fig 
depicting an exemplary embodiment of the movement of the ures that illustrate the principles of the invention . The 
actuator and orifice plate valve . invention is described in connection with such embodi 
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ments , but the invention is not limited to any embodiment . Each cooling cell 101 includes cooling element 110 that 
The scope of the invention is limited only by the claims and is in contact with a fluid . For clarity , only one cooling 
the invention encompasses numerous alternatives , modifi- element 110 is labeled . Cooling element 110 has a first side 
cations and equivalents . Numerous specific details are set distal from the structure 130 and a second side proximate to 
forth in the following description in order to provide a 5 the structure 130. In some embodiments , cooling element 
thorough understanding of the invention . These details are 110 is substantially solid and flat . In the embodiment shown 
provided for the purpose of example and the invention may in FIGS . 1A - 1C , the first side of cooling element 110 is the 
be practiced according to the claims without some or all of top of cooling element 110 and the second side is the bottom 
these specific details . For the purpose of clarity , technical of cooling element 110. Cooling element 110 is actuated to 
material that is known in the technical fields related to the 10 vibrate as shown in FIGS . 1A - 1C . For example , cooling element 110 may include a piezoelectric structure ( not invention has not been described in detail so that the separately shown in FIGS . 1A - 1D ) residing on a substrate invention is not unnecessarily obscured . ( not separately shown in FIGS . 1A - 1D ) . Cooling element A piezoelectric cooling chamber and method for provid 110 may thus be a piezoelectric cooling element . Conse ing the cooling system are described . The cooling chamber 15 quently , cooling element 110 and analogous cooling ele includes a piezoelectric cooling element , an array of orifices ments are referred to hereinafter as piezoelectric cooling 
and one or more valves . A vibrational motion of the piezo- element though it is possible that a mechanism other than a 
electric cooling element causes an increase or decrease in piezoelectric might be used to drive the cooling element in 
the chamber volume as the piezoelectric cooling element is some embodiments . In some embodiments , piezoelectric 
deformed . The array of orifices is distributed on at least one 20 cooling element 110 includes a piezoelectric layer on a 
surface of the chamber . The orifices allow escape of fluid stainless steel and / or Hastelloy substrate . In addition to the 
from within the chamber during the decrease in the chamber piezoelectric structure , piezoelectric cooling element 110 
volume in response to the vibrational motion of the piezo- may also include one or more electrodes ( not shown in 
electric cooling element . The valve may be configured to FIGS . 1A - 1D ) used to drive the piezoelectric structure . 
admit fluid into the chamber when the chamber volume 25 Other layers ( not shown ) including but not limited to seed , 
increases and to substantially prevent fluid from exiting the capping , passivation or other layers might be included in 
chamber through the valve when the chamber volume piezoelectric cooling element 110 in some embodiments . 
decreases . Further , in some embodiments , cooling element 110 is 
FIGS . 1A - 1D are diagrams depicting exemplary embodi- “ breathable ” , or capable of driving fluid from one side of the 

ments of cooling systems 100 and 100A usable with a 30 cooling element to the other using a vibrational motion ( in 
structure . For clarity , only certain components are shown contrast to a rotating motion of a fan blade ) . For example , 
and FIGS . 1A - 1D are not to scale . FIGS . 1A - 1C depict cooling element 110 may vibrate closer to and further from 
operation of cooling system 100 , while FIG . ID depicts structure 130 to drive fluid from the first ( distal ) side to the 
cooling system 100A . Referring to FIGS . 1A - 1C , the cool- second ( proximal ) side . Such a capability is generally 
ing system 100 is used in connection with a structure 130. 35 desired when cooling element 110 is used to cool structure 
Structure 130 generates or conducts heat from a nearby 130. In such embodiments , cooling element 110 may have 
heat - generating object during operation and is desired to be valve ( s ) and / or aperture ( s ) therein . In other embodiments , 
cooled . Structure 130 may include semiconductor compo- cooling element 110 may be used to macroscopically drive 
nents ( s ) including individual integrated circuit components the fluid . In such embodiments , cooling element 110 may be 
such as processors , other integrated circuit ( s ) and / or chip 40 further from surrounding structures and may not include a 
package ( s ) ; sensor ( s ) ; optical device ( s ) ; one or more batter- valve and / or aperture therein . However , for clarity , such 
ies ; or other component ( s ) of an electronic device such as a structures are not shown in FIGS . 1A - 1D . 
computing device ; other electronic component ( s ) and / or Also shown in cooling cell 101 is orifice plate 120 having 
other device ( s ) desired to be cooled and which may have orifices 122 therein . Although one orifice 122 is shown for 
limited space in which to place a cooling system . Such 45 each cooling cell , in other embodiments , multiple orifices 
computing devices may include but are not limited to may be provided for each cooling cell 101. Further , the 
smartphones , tablet computers , laptop computers , hand held orifice 122 is shown as being centrally located in cooling cell 
gaming systems , digital cameras , virtual reality headsets , 101. In other embodiments , orifice ( s ) 122 may be located 
augmented reality headsets , mixed reality headsets and other elsewhere . Although symmetry may be desired , cooling cells 
devices . Thus , cooling system 100 may be a micro - electro- 50 101 are not required to be symmetric . A single orifice plate 
mechanical system ( MEMS ) cooling system capable of 120 for multiple cooling cells 101 is shown in FIGS . 1A - 1D . 
residing within mobile computing devices . For example , the In other embodiments , multiple orifice plates may be used . 
total height , d , of cooling system 100 may be less than one For example , in some embodiments , each cooling cell 101 
millimeter and in some embodiments does not exceed two may have a separate orifice plate 120. In another embodi 
hundred and fifty microns . 55 ment , orifice plate 120 may be removed or orifices 122 may 

Cooling system 100 includes three cooling cells 101 in the be considered to occupy substantially all of the region 
embodiment shown . In other embodiments , another number between piezoelectric cooling element 110 and structure 
of cooling cells 101 may be included and / or the cooling cells 130 . 
101 may be arranged in another manner . For example , As discussed above , cooling system 100 may be a MEMS 
cooling cells 101 may be arranged in groups in order to cool 60 device . Thus , the dimensions of cooling system 100 may be 
selected portions of the structure 130. In some embodiments , small . For example , cooling cells 101 may have a rectan 
cooling cells 101 may be included in one or more two- gular footprint with sides having a length , S , of not more 
dimensional cooling arrays for a computing device . Cooling than seven millimeters . In some such embodiments , S may 
system 100 is also in communication with a fluid used to be at least three millimeters . In some embodiments , cooling 
cool structure 130. In some embodiments , the fluid substan- 65 cells 101 are square . Orifice plate 120 may be located a 
tially surrounds cooling cells 101. The fluid may be a gas or distance , h , from the closest surface of structure 130 that is 
a liquid . For example , in some embodiments , the fluid is air . generating heat . In some embodiments , h is at least fifty 
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microns and not more than five hundred microns . In some when cooling element 110 draws fluid from the distal to the 
embodiments , h is not more than two hundred microns . In proximal side as shown in FIG . 1B . Such a valve improves 
some embodiments , h is at least one hundred microns . the efficiency of the movement of fluid from the distal to the 
Orifice plate 120 may have a thickness of at least ten and not proximal side of cooling element 110. However , in alternate 
more than twenty - five microns in some embodiments . The 5 embodiments , such a valve might be omitted . 
depth , d , of cooling cells 101 may be at least forty microns In the situation shown in FIG . 1C , piezoelectric cooling 
and not more than five hundred microns . In some embodi- element 110 in each cell 101 has been actuated to move 
ments , d is at least fifty microns and not more than three toward ( deform to be concave ) structure 130. The neutral 
hundred microns . Thus , piezoelectric cooling elements 110 position of piezoelectric cooling elements 110 are shown by 
may be at least forty and not more than five hundred microns 10 dotted lines . Thus , the volume of fluid in the chambers 
from orifice plate 120. Piezoelectric cooling elements 110 formed by orifice plate 120 and piezoelectric cooling ele 
may be at least fifty and not more than five hundred microns ments 110 has decreased . The volume of the chamber for 
from structure 130. In some embodiments , orifice plate 120 each cooling cell 101 formed by orifice plate 120 and 
is at least fifty and not more than one hundred fifty microns cooling element 110 may vary between one hundred twenty 
thick . For example , orifice plate 120 may be nominally one 15 five percent ( FIG . 1B ) and seventy - five percent ( FIG . 1C ) of 
hundred microns thick . In some embodiments , the entire the neutral volume ( FIG . 1A ) . For example , in some 
thickness of cooling system 100 ( e.g. h added to d ) is not embodiments , cells 101 having a depth , d , of at least one 
more than five hundred microns . In some embodiments , the hundred microns , the peak - to - peak deflection ( distance 
entire thickness of cooling system 100 is at least two between the top of cooling element 110 in FIG . 1B and the 
hundred fifty microns . In some embodiments , the diameters , 20 top cooling element 110 in FIG . 1C ) may be up to fifty 
d , of orifices 122 are at least fifty microns and not more than microns . In some embodiments , the deflection of cooling 
two hundred microns . In some embodiments , orifices 122 element 110 is desired to be large in order to increase the 
occupy at least two percent and not more than five percent volume of flow and / or speed of fluid through orifices 122. In 
of the portion of the orifice plate 120 below cooling element such embodiments , the peak - to - peak deflection may be at 
110. Thus , cooling element 110 and orifice plate 120 may be 25 least one hundred microns for a cell having a longest side 
viewed as forming a chamber for each cooling cell 101 . ( e.g. length S ) of three through five millimeters . Other 
Such a chamber has an orifice 122 proximate to structure deflections are possible for other cell sizes . However , in 
130 that is generating heat . Although each cooling cell 101 some embodiments , the percentage change in volume is less 
is shown as identical ( e.g. to within manufacturing toler- than ten percent and greater than 0.1 percent . In some such 
ances ) , in other embodiments , different cooling cells 101 in 30 embodiments , the percentage change in volume is less than 
a single array may be configured differently . For example , five percent and greater than 0.1 percent . For example , the 
the diameter of the orifices , d , the size S of the cell , and the deflection of piezoelectric cooling element 110 may be ten 
depth , d , might differ . Further , as described below , cells 101 microns or less for a height d of three hundred microns . In 
need not be driven in the same manner . For example , the the embodiments above , cooling elements 110 may also be 
amplitude of deflection and / or phase of cooling elements 35 driven at resonance for reduced power operation , as 
110 may differ . In some embodiments , some cooling cells described below . Cooling cells 101 are capable of moving 
101 are driven , while others are dormant . fluid through orifices 122 to cool structure 130 in both cases . 
FIG . 1A depicts piezoelectric cooling element 110 in a Due to the vibrational motion of cooling elements 110 

neutral position . Thus , cooling elements 110 are shown as ( and the attendant decrease in volume of the chamber from 
substantially solid and flat . In operation , piezoelectric cool- 40 FIG . 1B to FIG . 1C ) , the fluid is pushed by cooling elements 
ing elements 110 are actuated to vibrate between positions 110 through orifices 122 ( not labeled in FIG . 1C for clarity ) . 
shown in FIGS . 1B and 1C . Referring to FIG . 1B , piezo- The motion of the fluid is shown by arrows through orifices 
electric cooling element 110 in each cell 101 has been 122. The fluid may spread as it travels away from orifice 
actuated to move away from ( deform to be convex ) structure plate 120 , as shown by dashed arrows in FIG . 1C . The fluid 
130. The neutral position of piezoelectric cooling elements 45 deflects off of the surface of structure 130 and travels along 
110 are shown by dotted lines . In some embodiments , the channel between semiconductor structure 130 and orifice 
cooling elements 110 include a fluid entry path ( not shown plate 120. Although all cooling cells 101 are shown in FIGS . 
in FIGS . 1A - 1D ) that allows the fluid to move from the distal 1A - 1C as operating in phase , in other embodiments , cooling 
side to the proximal side of cooling element 110 , increasing elements 110 may be out of phase or some cooling elements 
the volume of fluid in the chambers formed by orifice plate 50 110 are selectively actuated while other cooling elements 
120 and piezoelectric cooling elements 110. For example , 110 remain in the neutral position . 
cooling elements 110 may include one or more apertures that The motion between the positions shown in FIGS . 1B and 
are opened when actuated in a manner analogous to that 1C may be repeated . Thus , piezoelectric cooling elements 
shown in FIG . 1B . Such a fluid entry path would be 110 vibrate , drawing fluid from the distal to the proximal 
substantially or completely closed in the situation shown in 55 side of cooling elements 110 and pushing the fluid through 
FIG . 1? . For example , cooling elements 110 may include orifices 122 and toward semiconductor structure 120. In 
active or passive valve ( s ) or analogous structure ( s ) . In other some embodiments the frequency of vibration of piezoelec 
embodiments , the fluid entry path may be formed in another tric cooling element ( s ) 110 during operation is at least 15 
region . For example , a valve may be included in the sides of kHz . In some embodiments , the frequency is at least 20 kHz . 
cooling cells 101 or at the edges of piezoelectric cooling 60 Thus , piezoelectric cooling elements 110 may operate in the 
elements 110 in location ( s ) that allow fluid to be drawn from ultrasonic range . In some embodiments , the speed at which 
the distal to the proximal side of piezoelectric cooling the fluid impinges on the surface of structure 130 is at least 
elements 110. In some embodiments , aperture ( s ) may be thirty meters per second . In some embodiments , the fluid is 
located near the edges of cooling elements 110. In some driven by piezoelectric cooling elements 110 at a speed of at 
embodiments , each cell 101 also includes one or more 65 least forty meters per second . In some such embodiments , 
valves ( not shown in FIGS . 1A - 1D ) for orifice plate 120 . the fluid has a speed of at least forty - five meters per second . 
Such a valve substantially or completely closes orifices 122 In some embodiments , the fluid has a speed of at least 
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fifty - five meters per second . Further , in some embodiments , space is available . Performance of mobile devices may thus 
fluid speeds of at least sixty meters per section and / or be improved . Cooling systems 100 and 100A may also be 
seventy - five meters per second may be achieved . However , used in other compute devices - both mobile ( such as those 
higher speeds may be possible in some embodiments . Fluid discussed above and laptop computers ) and non - mobile 
speeds in the range of thirty meters per second or more may 5 ( such as desktop computers or smart televisions ) . Because 
be achievable in part due to judicious selection of the piezoelectric cooling elements 110 may be vibrated at fre 
diameters , d , of orifices 122 . quencies of 15 kHz or more , users may not hear any noise 
As indicated in FIG . 1C , the fluid driven toward structure associated with actuation of cooling elements 110. If driven 

130 may move substantially normal ( perpendicular ) to the at or near resonance frequency for the piezoelectric cooling 
surface of structure 130. In other embodiments , the fluid 10 elements 110 , the power used in operating cooling systems 
motion may have a nonzero acute angle with respect to the 100 and 100A may be significantly reduced . Thus , the 
normal to the surface of structure 130. In either case , the benefits of improved , quiet cooling may be achieved with 
fluid may thin and / or form apertures in the boundary layer limited additional power . The cooling power of system 100 
of fluid at the surface of structure 130. The boundary layer and / or 100A may be further tuned by engineering the 
in one case is indicated by the curved dotted lines at the 15 number of cells 101 used and / or the voltage at which each 
surface of structure 130 in FIG . 1C . As a result , transfer of cell is driven . Consequently , performance of devices incor 
heat from structure 130 may be improved . The fluid deflects porating cooling systems 100 and / or 100A may be 
off of the surface of structure 130 , traveling along the surface improved 
of semiconductor structure 130. In some embodiments , the FIGS . 2A - 2B are diagrams depicting an exemplary 
fluid moves in a direction substantially parallel to the surface 20 embodiment of a piezoelectric cooling system 200 usable 
of structure 130. Thus , heat from structure 130 may be with a semiconductor structure . FIGS . 2A and 2B are 
extracted by the fluid . The fluid may exit the region between cross - sectional views taken at an angle from each other . For 
orifice plate 120 and semiconductor structure 130 at the clarity , only certain components are shown and FIGS . 
edges of cooling cells 101. In other embodiments , chimneys 2A - 2B are not to scale . Piezoelectric cooling system 200 is 
( not shown in FIGS . 1A - 1D ) between cooling cells 101 25 used in connection with a structure 230. Structure 230 
allow fluid to be carried away from semiconductor structure generates heat during operation and is desired to be cooled . 
130 between cooling cells 101. In either case , the fluid may Structure 230 is analogous to structure 130. Piezoelectric 
return to the distal side of cooling elements 110 where the cooling system 200 may fit within mobile computing 
fluid may exchange the heat transferred from structure 130 devices and is a MEMS cooling device . Piezoelectric cool 
to another structure or to the ambient environment . The fluid 30 ing system 200 may also be viewed as a single cell in a larger 
may then be circulated through cooling cells 101 to extract cooling system that may include multiple cells / piezoelectric 
additional heat . As a result , structure 130 may be cooled . cooling systems 200. Also shown in FIGS . 2A - 2B is back 
FIG . 1D depicts cooling system 100A analogous to cool- plate 250 which may be part of the device , such as a smart 

ing system 100. Cooling system 100A may be MEMS phone or other mobile phone , in which piezoelectric cooling 
systems having dimensions in the ranges described above . 35 system 200 resides . 
Piezoelectric cooling system 100A operates in a manner Piezoelectric cooling system 200 includes piezoelectric 
analogous to piezoelectric cooling system 100. In the cooling element 210 that is analogous to piezoelectric cool 
embodiment shown , an additional fluid flow substantially ing elements 110 and orifice plate 220 that is analogous to 
parallel to the surface of structure 130 is provided . This is orifice plate 120. Orifice plate 220 thus includes multiple 
depicted by arrows substantially parallel to the surface of 40 apertures 222 ( of which only two are labeled ) analogous to 
structure 130. Although shown in opposite direction , in other apertures 122. Also shown are valve 215 , chimneys 240 , 
embodiments , the fluid flow may be in the same direction . spacers 241 , 242 and 243 and leads 270 , 272 , 274 and 276 . 
Consequently , motion of fluid along the surface of structure Spacers 241 separate orifice plate 220 from structure 230 . 
130 may be increased , allowing for improved heat transfer . Piezoelectric cooling system 200 may be a MEMS device 

Cooling systems 100 and 100A may more efficiently 45 and thus may have dimensions analogous to those described 
dissipate heat from structure 130. Because fluid impinges above . Piezoelectric cooling system / cell 200 may have a 
upon structure 130 with sufficient speed and in some rectangular footprint with sides having a length , S , of at least 
embodiments substantially normal to the surface of structure three millimeters and not more than seven millimeters . In the 
130 , the boundary layer of fluid at the surface of structure embodiment shown , piezoelectric cooling system 200 is 
130 may be thinned and / or partially removed . Consequently , 50 square . Other footprints are , however , possible . Spacer 241 
heat transfer between structure 130 and the moving fluid is has a height , h , of at least than fifty microns and not more 
improved . In some embodiments , the heat transfer may be at than two hundred microns . In some embodiments , h is at 
least three through six times the heat transfer if an electric least one hundred microns . Spacers 242 have a depth , d , of 
fan were to blow air of equivalent mass flow parallel or at least fifty microns and not more than three hundred 
orthogonal to the surface of structure 130. Because structure 55 microns . In some embodiments , spacers 242 are at least 
130 is more efficiently cooled , structure 130 may be run at seventy - five microns and not more than two hundred 
higher speed and / or power for longer times . For example , if microns in height . Cooling element 210 may be at least 
structure 130 includes a high - speed processor , such a pro- thirty microns thick and not more than fifty microns thick . 
cessor may be run for longer times before throttling . Thus , In some embodiments , orifice plate 220 is at least fifty and 
performance of a device utilizing structure 130 may be 60 not more than one hundred fifty microns thick . In some 
improved . Further , cooling systems 100 and 100A are embodiments , the entire thickness of piezoelectric cooling 
MEMS devices . Thus , cooling systems 100 and 100A are system 200 is at least two hundred and fifty microns and not 
small - having a total height not exceeding five hundred more than five hundred microns . In some embodiments , the 
microns in some embodiments . Consequently , cooling sys- diameter , d , of orifices 222 are at least fifty microns and not 
tems 100 and 100A are suitable for use in mobile devices , 65 more than two hundred microns . In some embodiments , 
such as smart phones , other mobile phones , virtual reality orifices 222 are at least one hundred microns and not more 
headsets , wearables and handheld games , in which limited than two hundred microns wide . In other embodiments , 
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other widths are possible . In some embodiments , orifices cooling element 210. Thus , when valve 215 and piezoelec 
222 occupy at least two percent and not more than five tric cooling element 210 are in contact , as shown in FIGS . 
percent of the portion of the orifice plate 220 below cooling 2A - 2B , fluid is prevented from moving through piezoelec 
element 210. Spacers 243 are standoffs to the back plate 250 . tric cooling element 210 , from the distal to proximal side or 
Spacers 243 protect piezoelectric cooling element 210 and 5 vice versa . If valve 215 and piezoelectric cooling element 
valve 215 from physically contacting back plate 250 ( or 210 are not in physical contact , cooling fluid may move other structure ) during operation . through apertures 219 and 214 . 

Also shown are chimneys 240. As indicated more clearly In operation , piezoelectric cooling system 200 functions in FIG . 2B , chimneys 240 provide a return path for fluid in a manner analogous to cooling system 100. Valve 215 and from near structure 230 ( on the proximal side of piezoelec- 10 piezoelectric cooling element 210 are actuated to move tric cooling element 210 ) to the distal side of piezoelectric 
cooling element 210. In the embodiment shown , chimneys away from structure 230. Further , valve 215 may be driven 
240 have a width , w , of at least 0.75 mm to not more than to move faster and / or further than piezoelectric cooling 

element 210. Thus , fluid is drawn from the distal side of 1.5 mm . The pressure differential between the center of piezoelectric cooling system 200 and edges / chimneys 240 is 15 piezoelectric cooling element 210 to the proximal side . 
desired to be small to promote the free flow of the fluid Valve 215 and piezoelectric cooling element 210 are actu 
through the system . In some embodiments the area of each ated to move toward structure 230. Further , valve 215 is 
chimney 240 exceeds the total area of all of the orifices 222 . driven to move faster and / or further than piezoelectric 
In the embodiment shown , there are four chimneys for each cooling element 210. Consequently , valve 215 contacts 
piezoelectric cooling system / cell 200. Consequently , chim- 20 piezoelectric cooling element 210 , preventing the flow of 
neys 240 have greater than four times the total area of fluid through piezoelectric cooling element 210. Piezoelec 
orifices 222. In another embodiment , a different number of tric cooling element 210 also pushes fluid in the chamber 
chimneys may be used . between element 210 and orifice plate 220 toward structure 

Piezoelectric cooling element 210 is a multilayer struc- 230. The fluid moves through orifices 220 and toward 
ture . Three layers 211 , 212 and 213 are shown . In some 25 structure 230 , in a manner analogous to that described 
embodiments , piezoelectric cooling element 210 may above . As discussed above , piezoelectric cooling element 
include additional layers such as seed and passivation layers may be driven at or near resonance and at frequencies of 15 
( not shown ) . In some embodiments , piezoelectric cooling kHz or more . 
element 210 is at least ten microns thick and not more than Piezoelectric cooling system 200 may more efficiently 
twenty - five microns thick . Piezoelectric cooling element 30 dissipate heat from structure 230. Because fluid impinges 
210 includes a substrate 211 , piezoelectric layer 212 and upon structure 230 with sufficient speed and in some 
actuator electrode 213. In some embodiments , substrate 211 embodiments substantially normal to the surface of structure 
is stainless steel and / or Hastelloy . Stainless steel and / or 230 , the boundary layer of fluid at the surface of structure 
Hastelloy may be selected because of its relatively low 230 may be thinned and / or partially removed . Consequently , 
coefficient of thermal expansion , stiffness characteristics , 35 heat transfer between structure 230 and the moving fluid is 
high fatigue life and ability to undergo high temperature improved . Because structure 230 is more efficiently cooled , 
processing in formation of piezoelectric cooling element structure 230 may be run at higher speed and / or power for 
210. As can be seen in FIG . 2A , substrate 211 and actuator longer times . Thus , performance of a device utilizing struc 
electrode 213 are connected to leads 270 and 272 , respec- ture 230 may be improved . Further , cooling system 200 is a 
tively . By driving a voltage difference between leads 270 40 MEMS device having the dimensions described above . 
and 272 , and thus between actuator electrode 213 and Thus , piezoelectric cooling system 200 is suitable for use in 
substrate 211 , piezoelectric layer 212 can be induced to mobile devices , such as smart phones , in which limited 
move . Consequently , piezoelectric cooling element 210 space is available . Piezoelectric cooling system 200 may 
vibrates , as described above . In the embodiment shown , also be used in other compute devices - both mobile and 
piezoelectric cooling element 210 also includes an aperture 45 non - mobile . Performance of such devices may thus be 
214. In the embodiment shown , piezoelectric cooling ele- improved . Because piezoelectric cooling elements 210 may 
ment 210 includes a single aperture 214 that is centrally be vibrated at ultrasonic frequencies and / or at or near 
located . In other embodiments , piezoelectric cooling ele- resonance , piezoelectric cooling system 200 may be quieter 
ment 210 may include another number of apertures and / or and consume less power . Thus , the benefits of improved , 
include aperture ( s ) that are not centrally located . 50 quiet cooling may be achieved with limited additional 

Valve 215 includes a substrate 216 , piezoelectric layer power . Consequently , performance of devices incorporating 
217 and electrode 218. In some embodiments , valve 215 is cooling system 200 may be improved . 
at least ten microns thick and not more than twenty - five FIG . 3 is a diagram depicting an exemplary embodiment 
microns thick . Thus , valve 215 may be analogous to piezo- of piezoelectric cooling system 300. For clarity , only certain 
electric cooling element 210 and can be considered to be a 55 components are shown and FIG . 3 is not to scale . Piezo 
piezoelectric valve element . In the embodiment shown , electric cooling system 300 is used in connection with a 
substrate 216 and electrode 217 are coupled with leads 274 structure 330 and includes a cell 301. Structure 330 gener 
and 276 , respectively . Although four leads are shown for ates heat during operation and is desired to be cooled . 
valve 215 and piezoelectric cooling element 210 , in another Structure 330 is analogous to structure 130. Piezoelectric 
embodiment , fewer leads may be used . For example , a three 60 cooling system 300 may fit within mobile computing 
lead configuration including a ground lead and leads to devices and is a MEMS cooling device . Piezoelectric cool 
electrodes 213 and 218 may be present . Valve 215 also ing system 300 may also be viewed as a single cell in a larger 
includes apertures 219. In the embodiment shown , valve 215 cooling system that may include multiple cells / piezoelectric 
includes four apertures 219. In other embodiments , another cooling systems 300. Also shown in FIG . 3 is plate 350 
number of apertures orifices may be present . For example , 65 which may be part of the device , such as a smart phone , in 
two apertures might be used instead of four . Apertures 219 which piezoelectric cooling system 300 resides . However , 
are , however , offset from aperture 214 in piezoelectric plate 350 might be replaced with another component . 
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Piezoelectric cooling system 300 includes piezoelectric in contact , apertures 414A and 419A are closed , preventing 
cooling element 310 that is analogous to piezoelectric cool- such a movement of fluid . Thus , the cooling element can 
ing elements 110 and 210 and orifice plate 320 that is push fluid through the orifices such that the fluid reaches 
analogous to orifice plate ( s ) 120 and 220. Orifice plate 320 higher speeds as described above . Also shown are the 
thus includes multiple apertures 322 ( of which only two are 5 locations of portions of chimneys 440 corresponding to 
labeled ) analogous to apertures 122 and 222. Also shown are chimneys 240. In the embodiments , only a single cell that 
valve 315 , chimneys 340 , spacers 341 , 342 and 343 and may be present in a multiple - cell system is shown . Conse 
leads 370 , 372 , 374 and 376. Spacers 341 separate orifice quently , the portion of chimneys 440 may be one - fourth of 
plate 320 from structure 330. Leads 370 , 372 , 374 and 376 the chimneys used . 
are used to drive cooling element 310 and valve 315 . FIG . 4B depicts piezoelectric cooling system 400B 

Piezoelectric cooling system 300 may be a MEMS device including apertures 414B for a corresponding cooling ele 
and thus may have dimensions analogous to those described ment 410B and aperture 419B for a corresponding valve . 
above . Piezoelectric cooling system 300 is similar to piezo- Thus , the configuration shown in FIG . 4B may be used in a 
electric cooling system 200. However , the apertures in cooling cell such as the cooling cell 300. In an alternate 
cooling element 310 and valve 315 have been changed . In 15 embodiment , aperture 419B might be used for a cooling 
particular , valve 315 having substrate 316 , piezoelectric 316 element and aperture 414B for a valve . Because of their 
and electrode 318 has a central aperture 319. Cooling alignment , apertures 414B and 419B may allow fluid to flow 
element 310 having substrate 311 , piezoelectric 312 and freely from the distal to the proximal side of the cooling 
electrode 313 has apertures 314 that are offset from the element when the valve and cooling element are not in 
center . Active valve 315 still functions in an analogous 20 contact . Apertures 414B and 419B preventing such a move 
manner to valve 215 . ment of fluid When the valve and cooling element are in 

In operation , piezoelectric cooling system 300 functions contact . Thus , the cooling element can push fluid through the 
in a manner analogous to cooling systems 100 and 200 . orifices such that the fluid reaches higher speeds as 
Valve 315 and piezoelectric cooling element 310 are actu- described above . Also shown are the locations of portions of 
ated to move away from structure 330. Valve 315 may be 25 chimneys 440 corresponding to chimneys 340 . 
driven to move faster and / or further than piezoelectric Using the configurations of apertures in cooling systems 
cooling element 310. Thus , fluid is drawn from the distal 400A and 400B , the apertures can function as a valve . Thus , 
side of piezoelectric cooling element 310 to the proximal movement of fluid from the distal to proximal side of the 
side . Piezoelectric cooling element 310 also pushes fluid in cooling element when desired may be improved . When fluid 
the chamber between element 310 and orifice plate 320 30 is desired to be prevented from moving from one side to the 
toward structure 330. The fluid moves through orifices 320 other of the cooling element when such a flow is undesir 
and toward structure 330 , in a manner analogous to that able . Thus , performance of a cooling element and valve 
described above . incorporating an analogous configuration of apertures may 

Piezoelectric cooling system 300 may more efficiently be enhanced . 
dissipate heat from structure 330. Because structure 330 is 35 FIGS . 4C and 4D depict piezoelectric cooling systems 
more efficiently cooled , structure 330 may be run at higher 400C and 400D having piezoelectric cooling elements 410C 
speed and / or power for longer times . Thus , performance of and 410D , respectively . For simplicity , the configuration of 
a device utilizing structure 330 may be improved . Further , apertures 414C / 414D for piezoelectric cooling elements 
cooling system 300 is a MEMS device having the dimen- 410C / 410D and apertures 419C / 419D for the corresponding 
sions described above . Thus , piezoelectric cooling system 40 valve remains unchanged from that shown in FIG . 4A . For 
300 is suitable for use in mobile devices , such as smart simplicity , the chimneys are not shown in FIG . 4C . Piezo 
phones , in which limited space is available . Piezoelectric electric cooling elements 410A , 410C and 410D correspond 
cooling system 300 may also be used in other compute ing chamber shapes differ . Chamber and piezoelectric cool 
devices - both mobile and non - mobile . Performance of such ing element 410A are square . Chamber and piezoelectric 
devices may thus be improved . Because piezoelectric cool- 45 cooling element 410C are octagonal . Chamber and piezo 
ing elements 310 may be vibrated at ultrasonic frequencies electric cooling element 410D are rectangular . As discussed 
and / or at or near resonance , piezoelectric cooling system above , a piezoelectric cooling element may be driven at 
300 may be quieter and consume less power . Thus , the resonance and this resonance may be at a frequency of 15 
benefits of improved , quiet cooling may be achieved with kHz or higher . Chambers and / or piezoelectric cooling ele 
limited additional power . Consequently , performance of 50 ments 410A , 410C and / or 410D have different shapes and , 
devices incorporating cooling system 300 may be improved . therefore , may have different resonance frequencies . This 
FIGS . 4A - 4D are diagrams depicting exemplary embodi- and other mechanisms may be used to modify the resonant 

ments of apertures , orifices and piezoelectric / chamber frequency of the chamber and piezoelectric cooling elements 
shapes in piezoelectric cooling systems 400A , 400B , 400C 410A , 410C and 410D . Thus , the resonant frequencies of 
and 400D , respectively . For clarity , only certain components 55 piezoelectric cooling system 400A , 400B , 400C and 400D 
are shown and FIGS . 4A - 4D are not to scale . Other con- may be engineered to be in the desired , target range . 
figurations of apertures are possible . FIG . 4A depicts piezo- FIGS . 5A - 5C is a diagram depicting an exemplary 
electric cooling system 400A including aperture 414A for a embodiment of a piezoelectric cooling system 500 and 
corresponding cooling element 410A and apertures 419A for diagrams depicting an exemplary embodiment of the move 
a corresponding valve . Thus , the configuration shown in 60 ment of the actuator and orifice plate valve . For clarity , only 
FIG . 4A may be used in a cooling cell such as the cooling certain components are shown and FIG . 5A is not to scale . 
cell 200. In an alternate embodiment , apertures 419A might Piezoelectric cooling system 500 is used in connection with 
be used for a cooling element and aperture 414A for a valve . a structure 530 and includes a cell 501. Structure 530 
Because of their alignment , apertures 414A and 419A may generates heat during operation and is desired to be cooled . 
allow fluid to flow freely from the distal to the proximal side 65 Structure 530 is analogous to structure 130. Piezoelectric 
of the cooling element when the valve and cooling element cooling system 500 may fit within mobile computing 
are not in contact . When the valve and cooling element are devices and is a MEMS cooling device . Piezoelectric cool 



US 11,456,234 B2 
13 14 

ing system 500 may also be viewed as a single cell in a larger allowing fluid pass more readily through apertures 584 to 
cooling system that may include multiple cells 501 / piezo- reach orifices 522. The fluid moves through orifices 522 and 
electric cooling systems 500. Also shown in FIG . 5 is plate in jets toward structure 530 , in a manner analogous to that 
550 which may be part of the device , such as a smart phone , described above for other cooling systems . FIG . 5B is a 
in which piezoelectric cooling system 500 resides . However , 5 graph 590 depicting an exemplary embodiment of the 
plate 550 might be replaced with another component . motion of cooling element 510 , while FIG . 5C is a graph 592 

Piezoelectric cooling system 500 includes piezoelectric depicting an exemplary embodiment of the motion of valve 
cooling element 510 that is analogous to previously dis- 580. Thus , components 580 and 510 are out of phase . Both 
cussed piezoelectric cooling elements and orifice plate 520 components 510 and 580 may be vibrated at the same 
that is analogous to previously described orifice plate ( s ) . 10 ultrasonic frequency described above . In addition , both 
Piezoelectric cooling element 510 includes substrate 511 , components 510 and 580 may be vibrated at or near reso 
piezoelectric layer 512 and electrode 513 having apertures nance frequencies . Further , the amplitude of motion of 
514 that are offset from the center . Orifice plate 520 thus cooling element 510 is generally desired to be larger in 
includes multiple apertures 522 ( of which only one is amplitude than the motion of valve 580 . 
labeled ) . Also shown are passive valve 515 , chimneys 540 , 15 Piezoelectric cooling system 500 may more efficiently 
spacers 541 , 542 and 543 and leads 570 and 572. Spacers dissipate heat from structure 530. Because structure 530 is 
541 separate orifice plate 520 from structure 530. Leads 570 more efficiently cooled , structure 530 may be run at higher 
and 572 are used to energize cooling element 510 to vibrate . speed and / or power for longer times . Thus , performance of 

Piezoelectric cooling system 500 may be a MEMS device a device utilizing structure 530 may be improved . Further , 
and thus may have dimensions analogous to those described 20 cooling system 500 is a MEMS device having the dimen 
above . Piezoelectric cooling system 500 is similar to piezo- sions described above . Thus , piezoelectric cooling system 
electric cooling systems 200 and 300. However , valve 515 500 is suitable for use in mobile devices , such as smart 
is a passive valve . Thus , when cooling element 510 is phones , in which limited space is available . Piezoelectric 
actuated to move away from structure 530 , cooling element cooling system 500 may also be used in other compute 
510 move away from valve 515. Apertures 514 open and 25 devices - both mobile and non - mobile . Performance of such 
fluid flows from the distal to the proximal side of cooling devices may thus be improved . Because piezoelectric cool 
element 510. In some embodiments , passive valve 515 is at ing elements 510 may be vibrated at ultrasonic frequencies 
least twenty five microns thick and not more than fifty and / or at or near resonance , piezoelectric cooling system 
microns thick . In an alternate embodiment , valve 515 might 500 may be quieter and consume less power . Further , use of 
be an active valve , for example analogous to valve 315 . 30 valve 580 may prevent or reduce the back flow of heated 

In addition , cooling cell 510 includes valve 580 for orifice fluid from the region close to structure 530 through the 
plate 520. Valve 580 is an active valve . In the embodiment orifices 522. This fluid may instead move through chimneys 
shown , valve 580 is a piezoelectric valve element including 540 to be cooled . Efficiency of the cooling system 500 may 
substrate 581 , piezoelectric 583 and electrode 582 having thereby be enhanced . Thus , the benefits of improved , quiet 
apertures 584 therein . Thus , valve 580 may be analogous to 35 cooling may be achieved with limited additional power . 
piezoelectric cooling element 510 and / or valve 515. In some Consequently , performance of devices incorporating cooling 
embodiments , valve 580 is at least fifty and not more than system 500 may be improved . 
fifty microns thick . Valve 580 may be affixed to orifice plate FIG . 6 is a diagram depicting an exemplary embodiment 
520 , for example via an adhesive such as epoxy applied near of a piezoelectric cooling system 600. For clarity , only 
the perimeter . Leads 585 and 586 are used to actuate valve 40 certain components are shown and FIG . 6 is not to scale . 
580. Valve 580 selectively allows fluid to flow through Piezoelectric cooling system 600 is used in connection with 
orifices 522 in orifice plate . a structure 630 and includes a cell 601. Structure 630 

In operation , piezoelectric cooling system 500 functions generates heat during operation and is desired to be cooled . 
in a manner analogous to cooling systems 100 , 200 and 300 . Structure 630 is analogous to structure 130. Piezoelectric 
Piezoelectric cooling element 510 is actuated to move away 45 cooling system 600 may fit within mobile computing 
from structure 530 and , therefore , valve 515. Fluid flows devices and is a MEMS cooling device . Piezoelectric cool 
through apertures 514. During this time , valve 580 is actu- ing system 600 may also be viewed as a single cell in a larger 
ated to remain in contact with orifice plate 520. Thus , the cooling system that may include multiple cells / piezoelectric 
flow fluid from the region between orifice plate 520 and cooling systems 600. Also shown in FIG . 6 is plate 650 
structure 530 into the chamber formed between orifice plate 50 which may be part of the device , such as a smart phone , in 
520 and cooling element 510 may be reduced or prevented . which piezoelectric cooling system 600 resides . However , 
In the embodiment shown , apertures 584 are aligned with plate 650 might be replaced with another component . 
some orifices 522 when valve 580 is in contact with orifice Piezoelectric cooling system 600 includes piezoelectric 
plate 520. In such an embodiment , some fluid may return to cooling element 610 that is analogous to previously dis 
the chamber when piezoelectric cooling element 510 is 55 cussed piezoelectric cooling elements and valve 615 that is 
actuated to move ( e.g. deform ) away from orifice plate 520 . analogous to valve 215. Piezoelectric cooling element 610 
In other embodiments , apertures 584 are aligned with sec- thus includes substrate 611 , piezoelectric layer 612 and 
tions of orifice plate 520 that are free of orifices when valve electrode 613 having apertures 614 that are offset from the 
580 is in contact with orifice plate 520. In such embodi- center . Also shown are chimneys 640 , spacers 641 , 642 and 
ments , fluid may be substantially prevented from returning 60 643. Similarly , valve 615 includes substrate 616 , piezoelec 
via orifices 522 when piezoelectric cooling element 510 is tric layer 617 and electrode 618. For simplicity , leads to 
actuated to deform away from orifice plate 520 and structure cooling element 610 are not shown . 
530. Piezoelectric cooling element 510 is activated to move Although piezoelectric cooling element 610 is present , it 
toward structure 530. Piezoelectric cooling element 510 thus is closer to structure 630. In some embodiments , piezoelec 
pushes fluid in the chamber between element 510 and orifice 65 tric cooling element 610 is at or near the location where the 
plate 520 toward structure 530. During this motion , valve orifice plate would otherwise be . Similarly , top plate 690 is 
580 is actuated to move away from orifice plate 520 , at or near the location where the cooling element , such as 
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cooling element 210 , would be in other embodiments . Top However , cooling element 710A does not move fluid 
plate 690 includes aperture 692. Also shown is valve 694. In through cooling element 710A . Thus , no apertures are 
another embodiment , valve 694 may be omitted and / or present in cooling element 710A and no valve is used . 
aperture 692 may be located near the edges of plate 690. In In operation , cooling element 710A is actuated to move 
some embodiments , plate 690 may be replaced by a piezo- 5 away from orifice plate 720. Fluid flows in through apertures 
electric cooling element and valve such as components 210 722 or other orifice in the chamber formed by cooling 
and 215 or 310 and 315 . element 710A and orifice plate 720. When cooling elements 

Piezoelectric cooling system 600 may be a MEMS device 710A is driven to move toward orifice plate 620 , fluid is 
and thus may have dimensions analogous to those described moved toward orifice plate 720 and through apertures 722 at 
above . Piezoelectric cooling system 600 is similar to other 10 speeds described above . Piezoelectric cooling element 700A 
piezoelectric cooling systems described herein . However , thus macroscopically moves fluid , such as a gas ( e.g. air ) . 
cooling element 610 has replaced an orifice plate and top For example , piezoelectric cooling element 700 may be 
plate 690 has replaced cooling element 610 . capable of generating fluid speeds in excess of thirty meters 

In operation , cooling element 610 is actuated to move per second . Arrows in FIG . 7 depict the direction of motion 
away from structure 630 and valve 615 is actuated to open 15 of fluid from orifices 722. In the embodiment shown , any 
apertures 614. Fluid flows from the distal to the proximal structures ( not shown ) proximate to orifice plate 720 are 
side of cooling element 610 and moves toward structure 630 generally spaced further away than fifty microns to prevent 
in jets . When cooling elements 610 is driven to move toward movement hot fluid adjacent to the structure from being 
structure 630 , valve 615 is actuated so that apertures 614 drawn back through orifices 722. In some embodiments , 
remain closed . However , valve 694 opens aperture 692. 20 structures may be adjacent to spacers 742. A channel sub 
Fluid flows through plate 690 into the chamber formed by stantially parallel to the direction of fluid flow may be 
plate 690 and cooling element 610 . present . In such embodiments , fluid may be more effectively 

Piezoelectric cooling system 600 may share the benefits moved by cooling system 700 . 
of other piezoelectric cooling systems described herein . Piezoelectric cooling system 700A may share the benefits 
Piezoelectric cooling system may more efficiently dissipate 25 of other piezoelectric cooling systems described herein . 
heat from structure 630 , allowing structure 630 to be run at Piezoelectric cooling system 700A may move fluid at speeds 
higher speed and / or power for longer times . Thus , perfor- of fifty meters per second or above . Further , cooling system 
mance of a device utilizing structure 630 may be improved . 700A is a MEMS device having the dimensions described 
Further , cooling system 600 is a MEMS device having the above . Thus , piezoelectric cooling system 700A is suitable 
dimensions described above . Thus , piezoelectric cooling 30 for use in mobile devices , such as smart phones , in which 
system 600 is suitable for use in mobile devices , such as limited space is available . Performance of such devices may 
smart phones , in which limited space is available . Piezo- thus be improved . Because piezoelectric cooling elements 
electric cooling system 600 may also be used in other 710A may be vibrated ultrasonic frequencies and / or at or 
compute devices - both mobile and non - mobile . Performance near resonance , piezoelectric cooling system 700A may be 
of such devices may thus be improved . Because piezoelec- 35 quieter and consume less power . Thus , the benefits of 
tric cooling elements 610 may be vibrated at ultrasonic improved , quiet cooling may be achieved with limited 
frequencies and / or at or near resonance , piezoelectric cool- additional power . Consequently , performance of devices 
ing system 600 may be quieter and consume less power . incorporating cooling system 700A may be improved . 
Thus , the benefits of improved , quiet cooling may be FIGS . 8A - 8E are diagrams depicting exemplary embodi 
achieved with limited additional power . Consequently , per- 40 ments 700B and 700C of a piezoelectric cooling system 
formance of devices incorporating cooling system 600 may usable with a structure . Piezoelectric cooling systems 700B 
be improved . and 700C utilize two stage movement . For clarity , only 
FIG . 7 is a diagram depicting an exemplary embodiment certain components are shown and FIGS . 8A - 8E are not to 

of a piezoelectric cooling system 700A . For clarity , only scale . Piezoelectric cooling systems 700B and 700C are 
certain components are shown and FIG . 7 is not to scale . 45 used in connection with a structure ( not shown ) . Piezoelec 
Piezoelectric cooling system 700 is used in connection with tric cooling systems 700B and 700C may fit within mobile 
a structure ( not shown ) and includes a cell 701A . Piezoelec- computing devices and is a MEMS cooling device . Although 
tric cooling system 700A may fit within mobile computing rear spacers and front spacers to the structure are not shown , 
devices and is a MEMS cooling device . Piezoelectric cool- such components are generally present . Each piezoelectric 
ing system 700A might also be used in non - mobile devices . 50 cooling system 700B and 700C may also be viewed as a 
Although rear spacers and front spacers to the structure are single cell in a larger cooling system that may include 
not shown , such components are generally present . Piezo- multiple cells / piezoelectric cooling systems 700B and 700C . 
electric cooling system 700A may also be viewed as a single FIGS . 8A - 8C depict one piezoelectric cooling system 
cell in a larger cooling system that may include multiple 700B including at least one cell 701B . Piezoelectric cooling 
cells / piezoelectric cooling systems 700A . 55 system 700B includes piezoelectric cooling element 710B 

Piezoelectric cooling system 700A includes piezoelectric that is generally analogous to previously discussed piezo 
cooling element 710A that is generally analogous to previ- electric cooling elements but does not have an entry path to 
ously discussed piezoelectric cooling elements but does not allow fluid to pass through cooling element 710B in some 
have an entry path to allow fluid to pass through cooling embodiments . Thus , piezoelectric cooling element 710B 
element 710A . Thus , piezoelectric cooling element 710A 60 includes substrate 711 , piezoelectric layer 712 and electrode 
includes substrate 711 , piezoelectric layer 712 and electrode 713. For simplicity , leads to cooling element 710B and are 
713. For simplicity , leads to cooling element 710A and are not shown . Also shown is orifice plate 720 having orifices 
not shown . Also shown is orifice plate 720 having orifices 722. Piezoelectric cooling system 700B may be a MEMS 
722. Piezoelectric cooling system 700A may be a MEMS device and thus may have dimensions analogous to those 
device and thus may have dimensions analogous to those 65 described above . Piezoelectric cooling system 700B is simi 
described above . Piezoelectric cooling system 700A is simi- lar to other piezoelectric cooling systems described herein . 
lar to other piezoelectric cooling systems described herein . Also depicted is active valve 780 that is analogous to active 
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vale 580. Active valve 780 includes substrate 781 , piezo- deflected to move along the surface of the heat - generating 
electric 782 and electrode 783 that are analogous to substrate structure to extract heat from the heat - generating structure . 
581 , piezoelectric 582 and electrode 583. However , addi- Piezoelectric cooling system 700B may share the benefits 
tional piezoelectric elements 715B and chamber walls 790B of other piezoelectric cooling systems described herein . 
are shown . In the embodiment shown , chamber walls 790B 5 Piezoelectric cooling system 700B may more efficiently 
are connected to or part of the same piece as substrate 711 . dissipate heat from a structure ( not shown ) . Piezoelectric 
For example , chamber walls 790B may be stainless steel cooling system 700B may move fluid at speeds of at least 
and / or Hastelloy . Piezoelectric elements 715B include sub thirty meters per second , at least fifty meters per second or 
strate 716 , piezoelectric 717 and electrode 718 that are above . Further , cooling system 700B is a MEMS device 
analogous to substrate 711 , piezoelectric 712 and electrode 10 having the dimensions described above . Thus , piezoelectric cooling system 700B is suitable for use in mobile devices , 713 , respectively . Thus , piezoelectric elements 715B may be such as smart phones , in which limited space is available . seen as forming cantilevered sections coupled between Piezoelectric cooling system 700B may also be used in other piezoelectric cooling element 710B / chamber walls 790B compute devices - both mobile and non - mobile . Performance and spacers 742. Piezoelectric elements 715B also include 15 of such devices may thus be improved . Because piezoelec apertures 719 therein . For simplicity , the components of tric cooling elements 710B may be vibrated at ultrasonic only one piezoelectric element 715B are labeled . Further , for frequencies and / or at or near resonance , piezoelectric cool clarity , some components are not labeled in FIGS . 8B and ing system 700B may be quieter and consume less power . 
8C . Thus , the benefits of improved , quiet cooling may be 

Piezoelectric cooling system 700B utilizes two - step 20 achieved with limited additional power . Consequently , per 
motion for driving fluid . This may be seen in FIGS . 8B and formance of devices incorporating cooling system 700B 
8C . In operation , piezoelectric elements 715B are actuated may be improved . 
to vibrate toward and away from orifice plate 720. This FIGS . 8D - 8E depict another embodiment of piezoelectric 
moves piezoelectric cooling element 710B and chamber cooling system 700C including at least one cell 701C . 
walls 790 be toward and away from orifice plate 720. 25 Piezoelectric cooling system 700C includes piezoelectric 
Piezoelectric cooling element 710B is also actuated to cooling element 710C that is generally analogous to previ 
vibrate toward and away from orifice plate 720. FIG . 8B ously discussed piezoelectric cooling elements but does not 
depicts piezoelectric cooling system 700B after both piezo- have an entry path to allow fluid to pass through cooling 
electric elements 715B and piezoelectric cooling element element 710C in some embodiments . Thus , piezoelectric 
710B are driven . At the time shown in FIG . 8B , piezoelectric 30 cooling element 710C includes substrate 711 , piezoelectric 
cooling element 710B is moved from orifice plate 720 by the layer 712 and electrode 713. For simplicity , leads to cooling 
piezoelectric elements 715B . In some embodiments , piezo- element 710A and are not shown . Also shown is orifice plate 
electric cooling element 710B is also deformed to flex away 720 having orifices 722. Piezoelectric cooling system 700C 
from orifice plate 720. Chamber walls 790B have thus may be a MEMS device and thus may have dimensions 
moved away from orifice plate 720. Active valve 780 is also 35 analogous to those described above . Piezoelectric cooling 
actuated such that fluid does not flow through orifices 722 system 700C is similar to other piezoelectric cooling sys 
from closer to the structure ( not shown ) being cooled . Fluid tems described herein . Also depicted is active valve 780 that 
from the distal side of piezoelectric cooling element 710B is analogous to active vale 580. Active valve 780 includes 
( and the distal side of piezoelectric elements 715B ) flows in substrate 781 , piezoelectric 782 and electrode 783 that are 
through apertures 719 or other orifice ( s ) and between cham- 40 analogous to substrate 581 , piezoelectric 582 and electrode 
ber walls 790B . This fluid flow is shown by arrows in FIG . 583. Additional piezoelectric elements 715C and chamber 
8B . walls 790C are shown . In the embodiment shown , chamber 
FIG . 8C depicts piezoelectric cooling cell 700B when walls 790B are connected to but not part of the same piece 

piezoelectric elements 715 are actuated to move chamber as substrate 711. Chamber walls 790C may still be stainless 
walls 790B / element 710B toward orifice plate 720 and 45 steel and / or Hastelloy . Piezoelectric elements 715C include 
piezoelectric cooling element 710B is activated to vibrate substrate 716 , piezoelectric 717 and electrode 718 that are 
towards orifice plate 720. In addition , valve 780 is actuated analogous to substrate 711 , piezoelectric 712 and electrode 
to move away from orifice plate 720. Consequently , fluid is 713 , respectively . Thus , piezoelectric elements 715C may be 
moved toward orifice plate 720 and through apertures 722 at seen as forming cantilevered sections coupled between 
speeds described above . The fluid flow is shown by arrows 50 piezoelectric cooling element 710C / chamber walls 790C 
in FIG . 8C . Because chamber walls 790B are in contact with and spacers 742. Although four piezoelectric elements 715C 
valve 780 , fluid does not move back through apertures 719 . are shown , another number may be used in other embodi 
In some embodiments , a passive or active valve may be ments . Piezoelectric elements 715C are not shown as includ 
provided such that apertures 719 are closed by the valve in ing apertures . Instead , piezoelectric elements 715C are can 
the situation shown in FIG . 8C . This may be used in addition 55 tilevered strips separated by spaces . 
to or in lieu of the chamber walls 790B contacting valve 780 Piezoelectric cooling system 700C operates in an analo 
to prevent back flow of fluid through apertures 719. Thus , gous manner to piezoelectric cooling system 700B . Thus , 
piezoelectric cooling element 710B in combination with piezoelectric elements 715C and 710C , as well as active 
piezoelectric elements 715B move fluid from the distal to valve 780 are driven . Thus , fluid from the distal side of 
the proximal side of piezoelectric cooling element 710B and 60 piezoelectric elements 710C and 715C moves through 
drive the fluid through orifices in orifice plate 720. As such , spaces between piezoelectric elements 715C to the proximal 
piezoelectric cooling element 710B can be considered to be side of piezoelectric cooling element 710C . Fluid is then 
configured to direct the fluid from the distal side to the driven through orifices 722 of orifice plate 720. Thus , 
proximal side of piezoelectric cooling element 710B such piezoelectric cooling element 710C in combination with 
that the fluid moves in a direction that is incident on a 65 piezoelectric elements 715C move fluid from the distal to 
surface of a heat - generating structure ( not shown in FIGS . the proximal side of piezoelectric cooling element 710C and 
8A - 8C ) at a substantially perpendicular angle and then is drive the fluid through orifices in orifice plate 720. As such , 
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piezoelectric cooling element 710C can be considered to be 710D is driven . At the time shown in FIG . 9B , piezoelectric 
configured to direct the fluid from the distal side to the cooling element 710D is deformed to flex away from orifice 
proximal side of piezoelectric cooling element 710C such plate 720 and chamber walls 790D . Active valve 780 is also 
that the fluid moves in a direction that is incident on a actuated such that fluid does not flow through orifices 722 
surface of a heat - generating structure ( not shown in FIGS . 5 from closer to the structure ( not shown ) being cooled . Fluid 
8D - 8E ) at a substantially perpendicular angle and then is from the distal side of piezoelectric cooling element 710D 
deflected to move along the surface of the heat - generating flows in through apertures 719 or other orifice ( s ) and 
structure to extract heat from the heat - generating structure . between chamber walls 790D . This fluid flow is shown by 

Piezoelectric cooling system 700C may share the benefits arrows in FIG . 9B . 
of other piezoelectric cooling systems described herein . 10 FIG . 9C depicts piezoelectric cooling cell 700D when 
Piezoelectric cooling system 700C may more efficiently activated to vibrate towards orifice plate 720. In addition , 
dissipate heat from a structure ( not shown ) . Piezoelectric valve 780 is actuated to move away from orifice plate 720 . 
cooling system 700C may move fluid at speeds of at least Consequently , fluid is moved toward orifice plate 720 and 
thirty meters per second , at least fifty meters per second or through apertures 722 at speeds described above . The fluid 
above . Further , cooling system 700C is a MEMS device 15 flow is shown by arrows in FIG.9C . Because chamber walls 
having the dimensions described above . Thus , piezoelectric 790D are in contact with piezoelectric cooling element 
cooling system 700C is suitable for use in mobile devices , 720D , fluid does not move back through apertures 719 . 
such as smart phones , in which limited space is available . Piezoelectric cooling system 700D may share the benefits 
Piezoelectric cooling system 700C may also be used in other of other piezoelectric cooling systems described herein . 
compute devices - both mobile and non - mobile . Performance 20 Piezoelectric cooling system 700D may more efficiently 
of such devices may thus be improved . Because piezoelec- dissipate heat from a structure ( not shown ) . Piezoelectric 
tric cooling elements 700C may be vibrated at ultrasonic cooling system 700D may move fluid at speeds of at least 
frequencies and / or at or near resonance , piezoelectric cool- thirty meters per second , at least fifty meters per second or 
ing system 700C may be quieter and consume less power . above . Further , cooling system 700D is a MEMS device 
Thus , the benefits of improved , quiet cooling may be 25 having the dimensions described above . Thus , piezoelectric 
achieved with limited additional power . Consequently , per- cooling system 700D is suitable for use in mobile devices , 
formance of devices incorporating cooling system 700C such as smart phones , in which limited space is available . 
may be improved . Piezoelectric cooling system 700D may also be used in other 

FIGS . 9A - 9C depict another embodiment of a piezoelec- compute devices - both mobile and non - mobile . Performance 
tric cooling system 700D including at least one cell 701D . 30 of such devices may thus be improved . Because piezoelec 
For clarity , not all components are depicted and FIGS . tric cooling elements 700D may be vibrated at ultrasonic 
9A - 9C are not to scale . Piezoelectric cooling system 700D frequencies and / or at or near resonance , piezoelectric cool 
includes piezoelectric cooling element 710D that is gener- ing system 700D may be quieter and consume less power . 
ally analogous to previously discussed piezoelectric cooling Thus , the benefits of improved , quiet cooling may be 
elements but does not have an entry path to allow fluid to 35 achieved with limited additional power . Consequently , per 
pass through cooling element 710D in some embodiments . formance of devices incorporating cooling system 700D 
Thus , piezoelectric cooling element 710D includes substrate may be improved . 
711 , piezoelectric layer 712 and electrode 713. For simplic- FIGS . 10A - 10C are diagrams depicting another exem 
ity , leads to cooling element 710D and are not shown . Also plary embodiment of a piezoelectric cooling system 700E 
shown is orifice plate 720 having orifices 722. Piezoelectric 40 usable with a structure and including at least one cell 701E . 
cooling system 700D may be a MEMS device and thus may For clarity , only certain components are shown and FIGS . 
have dimensions analogous to those described above . Piezo- 10A - 10C are not to scale . Piezoelectric cooling system 700E 
electric cooling system 700D is similar to other piezoelectric includes piezoelectric cooling element 710E that is generally 
cooling systems described herein . Also depicted is active analogous to previously discussed piezoelectric cooling ele 
valve 780 that is analogous to active vale 580. Active valve 45 ments but does not have an entry path to allow fluid to pass 
780 includes substrate 781 , piezoelectric 782 and electrode through cooling element 710E in some embodiments . Thus , 
783 that are analogous to substrate 581 , piezoelectric 582 piezoelectric cooling element 710E includes substrate 711E , 
and electrode 583. However , additional piezoelectric ele- piezoelectric layer 712E and electrode 713E . For simplicity , 
ments 715B and chamber walls 790D are shown . In the leads to cooling element 710E and are not shown . Also 
embodiment shown , chamber walls 790B are connected to 50 shown is orifice plate 720 having orifices 722. Piezoelectric 
orifice plate 720. Thus , chamber walls 790C are substan- cooling system 700E may be a MEMS device and thus may 
tially stationary . In the embodiment shown , piezoelectric have dimensions analogous to those described above . Piezo 
element components 712 and 713 are not shown as extend- electric cooling system 700E is similar to other piezoelectric 
ing to spacers 742 or apertures 719. In other embodiments , cooling systems described herein . Further , elements 792 and 
components 712 and / or 713 may extend to / past apertures 55 794 are shown . Element 792 may be similar to substrate 
719 and / or to spacer 742 . 711E and includes aperture 793 therein . Element 792 may be 

Piezoelectric cooling system 700D operates in an analo- similar to substrate 711E and includes apertures 795 therein . 
gous manner to piezoelectric cooling system 700B and In other embodiments , other numbers of apertures may be 
700C . However , in the embodiment shown , one - step motion used in this and other embodiments . The chamber which 
may be used . Thus , piezoelectric elements 715B and / or 60 drives fluid through orifices 722 is formed by elements 792 
715C may be omitted in some embodiments . Thus , piezo- and 794. Also shown are plugs 715E on piezoelectric 
electric element 710D , as well as active valve 780 are cooling element 710E , which are substantially aligned with 
driven . This can be seen in FIGS . 9B and 9C . For clarity , not apertures 795 . 
all components are labeled in FIGS . 9B and 9C . Piezoelec- Piezoelectric cooling system 700E operates in an analo 
tric cooling element 710D is also actuated to vibrate toward 65 gous manner to other piezoelectric cooling systems dis 
and away from orifice plate 720. FIG . 9B depicts piezoelec- closed herein . However , piezoelectric cooling element 710E 
tric cooling system 700D after piezoelectric cooling element undergoes tensile and compressive motion . Thus , the direc 
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tion ( s ) of vibration is substantially perpendicular to the computing devices and is a MEMS cooling device . Piezo 
vibration direction described previously . In operation , piezo- electric cooling system 800 may also be viewed as a single 
electric element 710E is driven . Piezoelectric cooling ele- cell in a larger cooling system that may include multiple 
ment 710E is actuated to compress and stretch substantially cells / piezoelectric cooling systems 800 . 
along the surface of orifice plate 720. This is shown by the 5 Piezoelectric cooling system 800 includes piezoelectric 
two - headed arrow in FIG . 10A and the arrows in FIGS . 10B cooling element 810 , orifice plate 820 , active valve 815 and 
and 10C . FIG . 10B depicts piezoelectric cooling system valve 880 that are analogous to previously described cooling 
700E after piezoelectric cooling element 710E is driven to elements , orifice plates , active valves and valve ( s ) , respec 
be compressed . Consequently , elements 792 and 794 deform tively . Piezoelectric cooling element 810 thus includes sub 
away from piezoelectric cooling element 710E . Element 792 10 strate 811 , piezoelectric layer 812 and electrode 813 having 
contacts orifice plate 720 , preventing or reducing backflow apertures 814 that are offset from the center . Similarly , valve 
of fluid through orifices 722. To this extent , element 792 also 815 includes substrate 816 , piezoelectric layer 817 and 
acts as a valve . Element 794 draws outside fluid through electrode 818. Active valve 880 includes substrate 881 , 
apertures 795. Fluid also flows through aperture 714 , from piezoelectric layer 882 and electrode 883 having apertures 
the distal side to the proximal side of piezoelectric cooling 15 884 therein . For simplicity , leads are not shown . Also shown 
element 710E . Thus , the chamber formed by elements 792 are spacers 842 and 843 that are analogous to previously 
and 794 takes in fluid . Fluid flow is indicated by arrows in described spacers that are similarly located . Although not 
FIG . 10B . shown , chimneys adjacent to cell 801 and that are analogous 
FIG . 10C depicts piezoelectric cooling system 700E when to previously described chimneys may be present . Thus , 

piezoelectric cooling element 710E is under tensile strain . 20 piezoelectric cooling system 800 is most analogous to 
Thus , piezoelectric cooling element 710E stretches and piezoelectric cooling system 500. However , active valve 815 
elements 792 and 794 move toward piezoelectric cooling is present instead of passive valve 515. In other embodi 
element 710E . Apertures 795 contact plugs 715E and / or ments , a passive valve may be used instead of active valve 
piezoelectric cooling element 710E . Consequently , outflow 815 . 
of fluid from apertures 795 may be prevented or reduced . 25 Piezoelectric cooling system 800 may be a MEMS device 
Thus , plugs 715E and / or piezoelectric cooling element 710E and thus may have dimensions analogous to those described 
may also function as a valve . Fluid flows through aperture above . Piezoelectric cooling system 800 is similar to other 
793 and orifices 792. Fluid flow is indicated by arrows in piezoelectric cooling systems described herein . However , 
FIG . 10C . Thus , piezoelectric cooling element 710E in the orientation of piezoelectric cooling system 800 with 
combination with elements 792 and 794 move fluid from the 30 respect to the top of the page has changed . This indicates that 
distal to the proximal side of piezoelectric cooling element one or more of the piezoelectric cooling systems described 
710E and drive the fluid through orifices in orifice plate 720 . herein may be oriented in other manners than shown in 
As such , piezoelectric cooling element 710E can be consid- FIGS . 1A - 20B . For example , in addition to piezoelectric 
ered to be configured to direct the fluid from the distal side cooling system 800 , other piezoelectric cooling systems 
to the proximal side of piezoelectric cooling element 710E 35 described herein may be used to drive macroscopic fluid 
such that the fluid moves in a direction that is incident on a flow through a device , across components of the device such 
surface of a heat - generating structure ( not shown in FIGS . that the flow is substantially parallel to a top surface of the 
10A - 10C ) at a substantially perpendicular angle and then is device . Piezoelectric cooling system 800 may thus be used 
deflected to move along the surface of the heat - generating to cool vertical structures and / or provide macroscopic 
structure to extract heat from the heat - generating structure . 40 motion of a fluid , such as air . 

Piezoelectric cooling system 700E may share the benefits In operation , cooling element 810 is actuated to vibrate . 
of other piezoelectric cooling systems described herein . Valve 815 is actuated such that fluid flows through apertures 
Piezoelectric cooling system 700E may more efficiently 814 and 819 from the distal to the proximal side of cooling 
dissipate heat from a structure ( not shown ) . Piezoelectric element 810 during motion of cooling element 810 away 
cooling system 700D may move fluid at speeds of at least 45 from orifice plate 820. Similarly valve 880 is actuated to 
thirty meters per second , at least fifty meters per second or close most or all of orifices 822 during motion of cooling 
above . Further , cooling system 700E is a MEMS device element 810 away from orifice plate 820. Thus , drawing in 
having the dimensions described above . Thus , piezoelectric of fluid through orifices 822 is reduced or eliminated . During 
cooling system 700E is suitable for use in mobile devices , motion of cooling element 810 toward orifice plate 820 , 
such as smart phones , in which limited space is available . 50 valve 815 is actuated to close apertures 814. In contrast , 
Piezoelectric cooling system 700E may also be used in other valve 880 is actuated to move away from orifice plate 820 
compute devices - both mobile and non - mobile . Performance so that fluid has a path through apertures 884 and orifices 
of such devices may thus be improved . Because piezoelec- 822. Thus , cooling element 810 pushes fluid through orifices 
tric cooling elements 700E may be vibrated at ultrasonic 
frequencies and / or at or near resonance , piezoelectric cool- 55 Piezoelectric cooling system 800 may share the benefits 
ing system 700E may be quieter and consume less power . of other piezoelectric cooling systems described herein . 
Thus , the benefits of improved , quiet cooling may be Piezoelectric cooling system may more efficiently dissipate 
achieved with limited additional power . Further , an active heat from a structure , allowing for higher clock speeds 
valve near orifice plate 720 may be omitted . Consequently , and / or power for longer times . Thus , performance of a 
performance of devices incorporating cooling system 700E 60 device utilizing cooling system 800 may be improved . 
may be improved . Further , piezoelectric cooling system 800 is a MEMS device 

FIG . 11 is a diagram depicting an exemplary embodiment having the dimensions described above . Thus , piezoelectric 
of piezoelectric cooling system 800. For clarity , only certain cooling system 800 is suitable for use in mobile devices , 
components are shown and FIG . 11 is not to scale . Piezo- such as smart phones , in which limited space is available . 
electric cooling system 800 is used in connection with a 65 Piezoelectric cooling system 800 may also be used in other 
structure ( not shown ) to be cooled and includes a cell 801 . compute devices - both mobile and non - mobile . Performance 
Piezoelectric cooling system 800 may fit within mobile of such devices may thus be improved . Because piezoelec 
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tric cooling elements 810 may be vibrated at ultrasonic plate 920D having apertures 922D that are analogous to 
frequencies and / or at or near resonance , piezoelectric cool- cells , piezoelectric cooling elements , and orifice plates hav 
ing system 800 may be quieter and consume less power . ing apertures described above . For simplicity , valve and 
Thus , the benefits of improved , quiet cooling may be apertures in cooling element 910 are not shown . A return 
achieved with limited additional power . Consequently , per- 5 path that may exist outside of cell 901D is not shown for 
formance of devices incorporating cooling system 800 may simplicity . Piezoelectric cooling system 900D operates in an 
be improved . analogous manner to piezoelectric cooling systems 

FIGS . 12A , 12B , 12C and 12D are diagrams depicting described above . In the embodiment shown in FIG . 12D , 
exemplary embodiments of piezoelectric cooling systems orifices 922D are oriented substantially perpendicular to the 
900A , 900B , 900C and 900D , respectively . For clarity , only 10 surface of orifice plate 920D , but have different diameters or 
certain components are shown and FIGS . 12A - 12D are not shapes . For example , in some embodiments , the orifice 
to scale . Cooling systems 900A , 900B , 900C and 900D are diameter decreases with increasing distance from the center 
used in connection with a structure ( not shown ) analogous to of orifice plate 920D ( decreasing distance to the edge of 
structures described above . Cooling systems 900A , 900B , orifice plate 920D ) . In other embodiments , orifice diameter 
900C and 900D may be MEMS systems having dimensions 15 increases with increasing distance from the center of orifice 
in the ranges described above and in proximity to the plate 920D . Other arrangements of diameters are possible . 
structures desired to be cooled as described above . Piezoelectric cooling systems 900A , 900B , 900C and 
FIG . 12A depicts piezoelectric cooling system 900A 900D share the benefits of the piezoelectric cooling systems 

including cell 901A having cooling element 910 and orifice described herein . Thus , efficient , quite cooling using high 
plate 920A having apertures 922A that are analogous to 20 speed fluid flows may be provided . In addition , because of 
cells , piezoelectric cooling elements , and orifice plates hav- the configurations of orifices 922A , 922B , 922C and 922D , 
ing apertures described above . For simplicity , valve and the flow through orifices 922A , 922B , 922C and 922D , as 
apertures in cooling element 910 are not shown . A return well as the jets formed may be tailored . Consequently , 
path that may exist outside of cell 901A is not shown for performance may be further enhanced . 
simplicity . Piezoelectric cooling system 900A operates in an 25 FIGS . 13A , 13B , 13C , 13D and 13E are diagrams depict 
analogous to piezoelectric cooling systems ing exemplary embodiments of orifice plates 1020A , 1020B , 
described above . In the embodiment shown in FIG . 12A , 1020C , 1020D and 1020E , respectively . For clarity , only 
orifices 922A are oriented substantially perpendicular to the certain components are shown and FIGS . 13A - 13E are not 
surface of orifice plate 920A . Although shown as having to scale . Orifice plates 1020A , 1020B , 1020C , 1020D and 
constant diameter , orifices 922A may have a diameter or 30 1020E include orifices 1022A , 1022B , 1022C , 1022D and 
shape that changes through orifice plate 920A . 1022E , respectively . Orifice plates 1020A , 1020B , 1020C , 
FIG . 12B depicts piezoelectric cooling system 900B 1020D and 1020E are used in connection with piezoelectric 

including cell 901B having cooling element 910 and orifice cooling systems analogous to those described above . Thus , 
plate 920B having apertures 922B that are analogous to orifice plates 1020A , 1020B , 1020C , 1020D and 1020E and 
cells , piezoelectric cooling elements , and orifice plates hav- 35 orifices 1022A , 1022B , 1022C , 1022D and 1020E may be 
ing apertures described above . For simplicity , valve and MEMS components having dimensions in the ranges 
apertures in cooling element 910 are not shown . A return described above . Orifice plate 1020A includes orifices 
path that may exist outside of cell 901B is not shown for arranged in a hexagonal close - packed array . Other close 
simplicity . Piezoelectric cooling system 900B operates in an packed arrays may also be used . Orifice plate 1020B 
analogous manner to piezoelectric cooling systems 40 includes orifices 1022B arranged in a rectangular array . 
described above . In the embodiment shown in FIG . 12B , Orifice plate 1020C include orifices 1022C arranged such 
orifices 922B are oriented at either substantially perpendicu- that the orifice density is higher closer to the center of plate 
lar to the surface of orifice plate 920B ( the central orifice ) or 1020C . Orifice plate 1020D includes orifices 1022D 
at a nonzero acute angle from normal to the surface of orifice arranged such that the orifice density is higher closer to the 
plate 920B . In particular , orifices 922B are generally ori- 45 edges of orifice plate 1020D . Orifice plate 1020E includes 
ented toward the edges of cell 901B . Although shown as orifices 1022E and regions 1023 ( indicated by dotted lines ) . 
having constant diameter , orifices 922B may have a diam- Regions 1023 are configured to be aligned with apertures in 
eter or shape that changes through orifice plate 920B . a valve , such as apertures 584 in valve 580. Orifices 1022E 
FIG . 12C depicts piezoelectric cooling system 900C are arranged such that regions 1023 are free of orifices . 

including cell 901C having cooling element 910 and orifice 50 Consequently , orifice plate 1020E may more effectively 
plate 920C having apertures 922C that are analogous to prevent heated fluid from returning through orifices 1022E 
cells , piezoelectric cooling elements , and orifice plates hav- when piezoelectric cooling element ( not shown in FIG . 13E ) 
ing apertures described above . For simplicity , valve and is driven to move ( e.g. deform ) away from orifice plate 
apertures in cooling element 910 are not shown . A return 1020E . Other arrangements are possible . Further , orifices 
path that may exist outside of cell 901C is not shown for 55 1022A , 1022B , 1022C , 1022D and 1022E are shown as 
simplicity . Piezoelectric cooling system 900C operates in an having a constant diameter . In other embodiments , the 
analogous manner to piezoelectric cooling systems diameter , shape and angle perpendicular to the page may 
described above . In the embodiment shown in FIG . 12C , vary . Thus , piezoelectric cooling systems using orifice plates 
orifices 922C are oriented at either substantially perpendicu- 1020A , 1020B , 1020C and 1020D not only share the ben 
lar to the surface of orifice plate 920C ( the central orifice ) or 60 efits of the piezoelectric cooling systems described herein , 
at a nonzero acute angle from normal to the surface of orifice but also may tailor the jets formed using the configuration of 
plate 920C . In particular , orifices 922C are generally ori- orifices 1022A , 1022B , 1022C and 1022D , respectively . 
ented toward the center of cell 901C . Although shown as Consequently , performance may be further enhanced . 
having constant diameter , orifices 922C may have a diam- FIGS . 14A - 14D are diagrams depicting exemplary 
eter or shape that changes through orifice plate 920C . 65 embodiments of cooling systems 1100A , 1100B , 1100C and 
FIG . 12D depicts piezoelectric cooling system 900D 1100D usable with a heat - generating structure . For clarity , 

including cell 901D having cooling element 910 and orifice only certain components are shown and FIGS . 14A - 14D are 
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not to scale . Cooling systems 1100A , 1100B , 1100C and Piezoelectric cooling system 1100C operates in a manner 
1100D are used in connection with a structure 1130 analo- analogous to piezoelectric cooling systems described herein . 
gous to structure 130 and 230. Structure 1130 generates heat Thus , piezoelectric cooling system 1100C may more effi 
during operation and is desired to be cooled . Cooling ciently and quietly cool structure 1130 at lower power . 
systems 1100A , 1100B , 1100C and 1100D may be MEMS 5 FIG . 14D depicts piezoelectric cooling system 1100D . 
systems having dimensions in the ranges described above . Piezoelectric cooling system 1100D includes cells 1101D , 

FIG . 14A depicts piezoelectric cooling system 1100A cooling elements 1110D , and orifice plate 1120D having 
having cells on both side of structure 1130. Thus , piezoelec- apertures 1122D - 1 , 1122D - 2 and 1122D - 3 that are analo 
tric cooling system 1100A includes cells 1101 and 1101A , gous to cells and their components described herein . Also 
cooling elements 1110 and 1110A , and orifice plates 1120 shown are return path 1140 and entry path 1112 analogous 
and 1120A having apertures 1122 and 1122A that are analo- to chimneys 240 / return paths 1140 and valve 215 / entry path 
gous to cells , piezoelectric cooling elements , and orifice 1112 , respectively . However , some of orifices 1122D - 1 , 
plates having apertures described herein . Orifice plates 1120 1122D - 2 and 1122D - 3 are at a nonzero acute angle , 0 , with 
and 1120A are also shown as including chimneys / return respect to normal to the surface of structure 1130. Thus , in 
paths 1140 and 1140A , respectively , that are analogous to the embodiment shown , orifices 1122D - 1 , 1122D - 2 and 
chimneys / return paths 240. Further , some of orifices 1122 1122D - 3 are angled toward the center of structure 1130. In 
and 1122A are at a nonzero acute angle , 0 , with respect to another embodiment , each of the cells 1101D may have 
normal to the surface of structure 1130. In the embodiment orifices analogous to orifices 1122D - 2 , which are angled 
shown , orifices 1140 and 1140A are either vertical or angled 20 toward the center of the corresponding cell 1101D . 
toward the edges of each cell 1101 and 1101A , respectively . Piezoelectric cooling system 1100D operates in a manner 

Piezoelectric cooling system 1100A operates in a manner analogous to piezoelectric cooling systems described herein . 
analogous to piezoelectric cooling systems described herein . Thus , piezoelectric cooling system 1100D may more effi 
Thus , piezoelectric cooling system 1100A may more effi- ciently and quietly cool structure 1130 at lower power . 
ciently and quietly cool structure 1130 at lower power . 25 FIGS . 15A - 15K are diagrams depicting exemplary 
Further , piezoelectric cooling system cools structure 1130 at embodiments of cooling systems 1200A , 1200B and 1200C 
multiple surfaces . As a result , performance may be further usable with heat - generating structures . For clarity , only 
improved . certain components are shown and FIGS . 15A - 15G are not 
FIG . 14B depicts piezoelectric cooling system 1100B . to scale . Cooling systems 1200A , 1200B , 1200C , 1200D , 

Piezoelectric cooling system 1100B includes cells 1101B , 30 122E , 1200F and 1200G are used in connection with a 
cooling elements 1110B , and orifice plate 1120B having structure 1230 analogous to structure 130 and 230. Structure 
apertures 1122B that are analogous to cells and their com- 1230 generates heat during operation and is desired to be 
ponents described herein . Piezoelectric cooling system cooled . Cooling systems 1200A , OB , 1200C , 1200D , 
1100B operates in an analogous manner to piezoelectric 122E , 1200F and 1200G may be MEMS systems having 
cooling systems described herein . Also shown is return path 35 dimensions in the ranges described above . 
1140 for fluid to return from the proximal to the distal sides FIG . 15A depicts piezoelectric cooling system 1200A . 
of piezoelectric cooling elements 1110B . Also shown is Piezoelectric cooling system 1200A includes cells 1201 , 
entry path 1112 that allows fluid to flow from the distal to the cooling elements 1210 , orifice plate 1220 having apertures 
proximal side of piezoelectric cooling elements 1110B when 422 , entry path 1212 and return path 1240 that are analogous 
fluid is not being pushed through apertures 1122. In some 40 to cells and their components described herein . Piezoelectric 
embodiments , entry path 1112 functions in a manner analo- cooling system 1200A operates in an analogous manner to 
gous to valve 215. For example , entry path 1112 may piezoelectric cooling systems described herein . 
actively or passively control fluid flow from the distal to the Structure 1230 includes semiconductor devices 1262 , 
proximal side of piezoelectric cooling element 1110B . In 1264 and 1266. Semiconductor devices 1262 , 1264 and 
other embodiments , entry path may function in a different 45 1266 may be integrated circuits 1262 , 1264 and 1266 
manner and / or be located at a different portion of piezoelec- residing on substrate 1270. Integrated circuits 1262 , 1264 
tric cooling elements 1110B . and 1266 generate heat during operation and are desired to 

Piezoelectric cooling system 1100B operates in a manner be cooled by piezoelectric cooling system 1200A . Structure 
analogous to piezoelectric cooling systems described herein . 1230 also includes heat spreader 1260 , which mitigates the 
Thus , piezoelectric cooling system 1100B may more effi- 50 increase in local temperature near the integrated circuits 
ciently and quietly cool structure 1130 at lower power . 1262 , 1264 and 1266 by allowing heat to travel across heat 

FIG . 14C depicts piezoelectric cooling system 1100C . spreader 1260. Heat spreader 1260 thus has a high thermal 
Piezoelectric cooling system 1100C includes cells 1101C , conductivity coefficient . Piezoelectric cooling system 
cooling elements 2210C , and orifice plate 1120C having 1200A is used to transfer heat from heat spreader 1260 , 
apertures 1122C - 1 , 1122C - 2 and 1122C - 3 that are analogous 55 thereby aiding in cooling integrated circuits 1264 , 1264 and 
to cells and their components described herein . Also shown 1266. Also shown is temperature sensor 1263 in proximity 
are return path 1140 and entry path 1112 analogous to to integrated circuit 1262. In other embodiments , other 
chimneys 1140 / return paths 1140 / 1140A and valve 215 / and / or additional integrated circuits 164 and / or 1266 might 
entry path 1112 , respectively . However , some of orifices include temperature sensor . Further , a temperature sensor 
1122C - 1 , 1122C - 2 and 1122C - 3 are at a nonzero acute angle , 60 such as temperature sensor 1265 coupled with orifice plate 
0 , with respect to normal to the surface of structure 1130 . 1220 or analogous structure might be used in addition to or 
Thus , in the embodiment shown , orifices 1122C - 1 , 1122C - 2 in lieu of sensors such as sensor 1263. Structure 1230 and 
and 1122C - 3 are angled toward the edges of structure 1130 . piezoelectric cooling system 1200A reside within a device 
In another embodiment , each of the cells 1101C may have having cover 1280. Although indicated to be a cover , in 
orifices analogous to orifices 1122C - 2 , which are angled 65 other embodiments , structure 1280 may simply be another 
away from the center of the corresponding cell 1101C and portion of the corresponding device in which system 1200A 
toward the return paths 1140 . and structure 1230 reside . 



a 

US 11,456,234 B2 
27 28 

Piezoelectric cooling system 1200A operates in a manner ment 1210D , orifice plate 1220 having apertures 1222 , entry 
analogous to piezoelectric cooling systems described herein . path 1212 , active valve 1280 having apertures 1292 and 
Thus , piezoelectric cooling system 1200A may more effi- return path ( not explicitly shown ) that are analogous to cells 
ciently and quietly cool heat spreader 1260 , and thus inte- and their components described herein . However , for clarity , 
grated circuits 1262 , 1264 and 1266 of structure 430 at lower 5 such structures are not shown . 
power . Further , piezoelectric cooling system 1200A may Structure 1230D is analogous to structures 1230 , 1230B 
utilizes temperature 1263 sensor 1263 to monitor the tem- and 1230C . Consequently , structure 1230D includes inte 
perature of integrated circuit 1262. Thus , cooling system grated circuit 1262 ( e.g. a chip package ) residing on sub 
1200A may be enabled in response to changes in tempera- strate 1270. Substrate 1270 may be a printed circuit board . 
ture detected by temperature sensor 1263 or other tempera- 10 Although not shown , internal and / or external temperature 
ture sensor internal to one or more of semiconductor sensors might be employed . Back cover 1280 is also shown . 
device ( s ) 1262 , 1264 and 1266 . Cooling system 1200D is attached to a frame in proximity to 
FIG . 15B depicts piezoelectric cooling system 1200B . chip package 1262 . 

Piezoelectric cooling system 1200B includes cells 1201 , Piezoelectric cooling system 1200D operates in a manner 
cooling elements 1210 , orifice plate 1220 having apertures 15 analogous to piezoelectric cooling systems described herein . 
1222 , entry path 1212 and return path 1240 that are analo- Thus , piezoelectric cooling system 1200D may more effi 
gous to cells and their components described herein . Also ciently and quietly cool chip package 1262 at lower power . 
shown is temperature sensor 1263 in proximity to integrated Further , piezoelectric cooling system 1200 may function as 
circuit 1262. Other and / or additional temperature sensors an electromagnetic interference ( EMI ) shield . For example , 
could be incorporated for other heat - generating components . 20 orifice plate 1220 may function both as a ground and an EMI 
Such sensors may be internal and / or external to the heat- shield for chip package 1262. Orifices 1222 occupy a small 
generating components . A temperature sensor such as tem- enough fraction of the area of orifice plate 1220 that orifice 
perature sensor 1265 coupled with orifice plate 1220 or plate 1220 can perform shielding functions . Thus , perfor 
analogous structure might be used in addition to or in lieu of mance of chip package 1262 may be improved . Additional 
sensors such as sensor 1263 . 25 piezoelectric cooling systems 1200D can be employed , 

Structure 1230B is analogous to structure 1230 and thus piezoelectric cooling system 1200D can be increased in size , 
includes integrated circuits 1262 , 1264 and 1266 residing on for example by adding more cells , to cool additional portions 
substrate 1270. Optional heat spreader 1260 and temperature of the device . Further , in another embodiment , piezoelectric 
sensor 1634 are also shown . However , structure 1230B is a cooling system 1200D and / or other analogous piezoelectric 
packaged structure incorporating integrated circuits 1262 , 30 cooling systems might be oriented perpendicular to what is 
1264 and 1266 , which generate heat . Thus , piezoelectric shown . Thus fluid is driven across and substantially parallel 
cooling system 400B is mounted on packaged structure to the top surface of structure 1230D , and substantially 
430B . perpendicular to side surfaces of structure 1230D . 

Piezoelectric cooling system 1200B operates in a manner FIG . 15F depicts piezoelectric cooling system 1200F used 
analogous to piezoelectric cooling systems described herein . 35 in a closed device . Piezoelectric cooling system 1200F 
Thus , piezoelectric cooling system 1200B may more effi- includes cell ( s ) , cooling element ( s ) , orifice plate ( s ) having 
ciently and quietly cool structure 1230B , and thus integrated apertures therein , entry path ( s ) , valve ( s ) , return path and 
circuits 1262 , 1264 and 1266 at lower power . other components ( not explicitly shown ) that are analogous 
FIG . 15C depicts piezoelectric cooling system 1200C . to cells and their components described herein . However , for 

Piezoelectric cooling system 1200C includes cells 1201 , 40 clarity , such structures are not shown . 
cooling elements 1210 , orifice plate 1220 having apertures Structure 1230F is analogous to structures 1230 , 1230B , 
1222 , entry path 1212 and return path 1240 that are analo- 1230C and 1230D . Consequently , structure 1230F includes 
gous to cells and their components described herein . component 1262 ( e.g. a chip package ) residing on substrate 

Structure 1230C is analogous to structures 1230 and 1270. Substrate 1270 may be a printed circuit board . Also 
1230B . Consequently , semiconductor structure 1230C 45 shown are components 1264 , 1266 and 1267 which may be 
includes integrated circuits 1262 , 1264 and 1266 residing on integrated circuits or other components . Although not 
substrate 1270 and optional temperature sensor 1263 . shown , internal and / or external temperature sensors as well 
Although only one temperature sensor 1263 is shown , as other components including but not limited to a heat 
multiple temperature sensors might be employed internal or spreader might be employed . Cover 1280 is also shown . 
external to integrated circuits 1262 , 1264 and / or 1266. 50 Cooling system 1200F is attached to a frame in proximity to 
Further , a temperature sensor such as temperature sensor component 1262 . 
1265 coupled with orifice plate 1220 or analogous structure Piezoelectric cooling system 1200F operates in a manner 
might be used in addition to or in lieu of sensors such as analogous to piezoelectric cooling systems described herein . 
sensor 1263. Optional heat spreader 1260 is also shown . As can be seen by arrows in FIG . 15F , cool fluid ( e.g. air ) 
However , structure 1230B is a packaged structure incorpo- 55 near component 1267 is drawn toward piezoelectric cooling 
rating not only integrated circuits 1262 , 1264 and 1266 but device 1200F . Piezoelectric cooling system 1200F drives 
also piezoelectric cooling system 1200B . Stated differently , fluid from its distal to the proximal side . Thus , fluid is driven 
piezoelectric cooling system is incorporated into packaged toward component 1262 as described herein . The fluid exits 
structure 1230C . the region from near the sides of component 1262 carrying 

Piezoelectric cooling system 1200C operates in a manner 60 heat from component 1262 away . Thus , piezoelectric cool 
analogous to piezoelectric cooling systems described herein . ing system 1200F may more efficiently and quietly cool 
Thus , piezoelectric cooling system 1200C may more effi- component 1262 at lower power . Thus , performance of 
ciently and quietly cool integrated circuits 1262 , 1264 and component 1262 may be improved . Additional piezoelectric 
1266 at lower power . cooling systems can be employed , piezoelectric cooling 
FIGS . 15D and 15E are side and close - up side views of 65 system 1200F can be increased in size , for example by 

piezoelectric cooling system 1200D used in a device . Piezo- adding more cells , to cool additional portions of the device , 
electric cooling system 1200D includes cells , cooling ele- such as components 1264 and 1266. Further , in another 
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embodiment , piezoelectric cooling system 1200F might be proximity to heat spreader 1230H . Thus , heat spreader 
oriented perpendicular to what is shown . In such an embodi- 1260H spreads heat from component 1262 over a larger area 
ment , piezoelectric cooling system 1200F may be used to and piezoelectric cooling system 1200H cools this larger 
drive fluid flow across components 1262 , 1264 , 1266 and area of head spreader 1260H . 
1267 . Piezoelectric cooling system 1200H operates in a manner 
FIG . 15G depict piezoelectric cooling systems 1200G - 1 , analogous to piezoelectric cooling systems described herein . 

1200G - 2 and 1200G - 3 used in a device with vents . Each Thus , piezoelectric cooling system 1200H may more effi 
piezoelectric cooling system 1200G - 1 , 1200G - 2 and ciently and quietly cool component 1262 at lower power . 
1200G - 3 includes cell ( s ) , cooling element ( s ) , orifice plate ( s ) FIG . 151 depicts piezoelectric cooling system 12001 used 
having apertures therein , entry path ( s ) , valve ( s ) , return 10 in cooling a structure . Piezoelectric cooling system 12001 
path ( s ) and other components ( not explicitly shown ) that are includes cell ( s ) , cooling element ( s ) , orifice plate ( s ) having 
analogous to cells and their components described herein . apertures therein , entry path ( s ) , valve ( s ) , return path and 
For clarity , such structures are not shown . other components ( not explicitly shown ) that are analogous 

Structure 1230G is analogous to structures 1230 , 120B , to cells and their components described herein . However , for 
1230C , 120D and 1230F . Consequently , structure 1230G 15 clarity , such structures are not shown . 
includes component 1262 ( e.g. a chip package ) residing on Structure 12301 is analogous to structures 1230 , 1230B , 
substrate 1270. Substrate 1270 may be a printed circuit 1230C , 1230D , 1230F , 1230G - 1 through 1230G - 3 and 
board . Also shown are vents 1294. Although not shown , 1230H . Consequently , structure 12301 includes component 
internal and / or external temperature sensors as well as other 1262 ( e.g. a chip package ) residing on substrate 1270 . 
components including but not limited to a head spreader 20 Substrate 1270 may be a printed circuit board . Also shown 
may be used . is heat pipe 12601. Although not shown , internal and / or 

Piezoelectric cooling systems 1200G - 1 , 1200G - 2 and external temperature sensors as well as other components . 
1200G - 3 operate in a manner analogous to piezoelectric Cover 1280 is also shown . Cooling system 12001 is attached 
cooling systems described herein . As can be seen by arrows to a frame in proximity to heat pipe 12601. Heat pipe 12601 
in FIG . 15G , cool fluid ( e.g. air ) outside of the system is 25 transfers heat from component 1262. Heat pipe 1260 may 
drawn in through vent 1294. This occurs because of the carry a liquid that transitions to a vapor phase in order to 
piezoelectric cooling system 1200G - 1 , which operates in a cool component 1262. The vapor is carried away from 
manner analogous to a fan . Fluid travels to the distal side of component 1262 by heat pipe 12601. Piezoelectric cooling 
piezoelectric cooling system 1200G - 2 , which drives fluid system 12001 then cools heat pipe 12601. In some embodi 
from its distal to the proximal side . Thus , fluid is driven 30 ments , this cooling may be sufficient that the vapor transi 
toward component 1262 as described herein . The fluid exits tions back to a liquid phase . Thus , piezoelectric cooling 
the region from near the sides of component 1262 carrying system 12001 may act as part of a heat exchanger . 
heat from component 1262 away . Piezoelectric cooling Piezoelectric cooling system 12001 operates in a manner 
system 1200G - 3 drives fluid out of the system through vent analogous to piezoelectric cooling systems described herein . 
1294. Piezoelectric cooling system , therefore , generates 35 Piezoelectric cooling system 12001 cools heat pipe 12601 
fluid flow throughout the system to better dissipate heat and , therefore , component 1262. Thus , piezoelectric cooling 
generated by component 1262. Thus , piezoelectric cooling system 12001 may more efficiently and quietly cool com 
system 1200G may more efficiently and quietly cool com- ponent 1262 at lower power . 
ponent 1262 at lower power . Thus , performance of compo- FIG . 153 depicts piezoelectric cooling system 1200J used 
nent 1262 may be improved . Additional piezoelectric cool- 40 in cooling a structure . Piezoelectric cooling system 1200J 
ing systems 1200G can be employed , piezoelectric cooling includes cell ( s ) , cooling element ( s ) , orifice plate ( s ) having 
system 1200G can be increased in size , for example by apertures therein , entry path ( s ) , valve ( s ) , return path and 
adding more cells , to cool additional portions of the device . other components ( not explicitly shown ) that are analogous 
Further , piezoelectric cooling system 1200G - 2 may be omit- to cells and their components described herein . However , for 
ted in some embodiments . In such embodiments , piezoelec- 45 clarity , such structures are not shown . 
tric cooling systems , such as systems 1200G - 1 and 1200G - 3 , Structure 1230J is analogous to structures 1230 , 1230B , 
may generate fluid flow through the system . In some such 1230C , 1230D , 1230F , 1230G - 1 through 1230G - 3 , 1230H 
embodiments , additional piezoelectric cooling systems and 12301. Consequently , structure 1230J includes compo 
could be oriented as indicated in FIG . 11 ( perpendicular to nent 1262 ( e.g. a chip package ) residing on substrate 1270 . 
the orientation of piezoelectric cooling system 1200G - 2 ) , to 50 Substrate 1270 may be a printed circuit board . Also shown 
drive fluid flow along the surfaces between piezoelectric chamber 1260J that is analogous to heat pipe 12601 . 
cooling systems 1200G - 1 and 1200G - 3 . Although not shown , internal and / or external temperature 
FIG . 15H depicts piezoelectric cooling system 1200H sensors as well as other components . Cover 1280 is also 

used in cooling a structure . Piezoelectric cooling system shown . Cooling system 1200J is attached to a frame in 
1200H includes cell ( s ) , cooling element ( s ) , orifice plate ( s ) 55 proximity to vapor chamber 1260J . Piezoelectric cooling 
having apertures therein , entry path ( s ) , valve ( s ) , return path system 1200J cools vapor chamber 1260J . In some embodi 
and other components ( not explicitly shown ) that are analo- ments , this cooling may be sufficient that the vapor transi 
gous to cells and their components described herein . How- tions back to a liquid phase . Thus , piezoelectric cooling 
ever , for clarity , such structures are not shown . system 12001 may act as part of a heat exchanger . 

Structure 1230H is analogous to structures 1230 , 1230B , 60 Piezoelectric cooling system 1200J operates in a manner 
1230C , 1230D , 1230F and 1230G - 1 through 1230G - 3 . Con- analogous to piezoelectric cooling systems described herein . 
sequently , structure 1230H includes component 1262 ( e.g. a Piezoelectric cooling system 1200J cools vapor chamber 
chip package ) residing on substrate 1270. Substrate 1270 1260J and , therefore , component 1262. Thus , piezoelectric 
may be a printed circuit board . Also shown is heat spreader cooling system 12001 may more efficiently and quietly cool 
1260H . Although not shown , internal and / or external tem- 65 component 1262 at lower power . 
perature sensors as well as other components . Cover 1280 is FIG . 15K depicts piezoelectric cooling system 1200K 
also shown . Cooling system 1200H is attached to a frame in used in cooling a structure . Piezoelectric cooling system 
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1200K includes cell ( s ) , cooling element ( s ) , orifice plate ( s ) be accomplished using sets of piezoelectric blade elements 
having apertures therein , entry path ( s ) , valve ( s ) , return path 1310. Thus , piezoelectric cooling system 1300 might further 
and other components ( not explicitly shown ) that are analo- improve cooling of piezoelectric cooling structures 
gous to cells and their components described herein . How- described herein . 
ever , for clarity , such structures are not shown . FIGS . 17A - 17B are diagrams depicting exemplary 

Structure 1230K is analogous to structures 1230 , 1230B , embodiments of cooling systems 1400A and 1400B usable 
1230C , 1230D , 1230F , 1230G - 1 through 1230G - 3 , 1230H , with a structure . For clarity , only certain components are 
12301 and 1230J . Consequently , structure 1230K includes shown and FIGS . 17A - 17B are not to scale . Cooling systems 
component 1262 ( e.g. a chip package ) residing on substrate 1400A and 1400B are used in connection with structure 
1270. Also shown is an additional component 1264 ( e.g. an 10 1430 analogous to structures described above . Cooling 
additional chip package ) residing on substrate 1270 . systems 1400A and 1400B may be MEMS systems having 
Although not shown , internal and / or external temperature dimensions in the ranges described above and in proximity 
sensors as well as other components . Substrate 1270 may be to the structures 1430 desired to be cooled as described 
a printed circuit board . Cover 1280 is also shown . Cooling above . 
system 1200K is attached to a frame in proximity to both 15 FIG . 17A depicts piezoelectric cooling system 1400A 
components 1262 and 1264. Thus , piezoelectric cooling including cells 1401A and 1451A . Each cell 1401A includes 
system 1200K may extend over a large area . cooling element 1410 and orifice plate 1420 having aper 

Piezoelectric cooling system 1200K operates in a manner tures 1422 that are analogous to cells , piezoelectric cooling 
analogous to piezoelectric cooling systems described herein . elements , and orifice plates having apertures described 
Thus , piezoelectric cooling system 1200K may more effi- 20 herein . For simplicity , valve and apertures in cooling ele 
ciently and quietly cool components 1262 and 1264 at lower ment 1410 are represented by entry path 1412. Return path , 
power . or chimney 1440 , between cells 1401A are also shown . Cells 
FIG . 16 is a diagram depicting an exemplary embodiment 1451A are analogous to cells 1301 and thus include blades 

of a piezoelectric cooling system 1300 usable with a heat 1460A . Blades 1460A together can move fluid from the 
generating structure . For clarity , only certain components 25 distal side to the proximal side of the collection of cells 
are shown and FIG . 16 is not to scale . Piezoelectric cooling 1451A . Stated differently , blades 1460A may move fluid that 
system 1300 is used in connection with a structure 1320 . has returned from near structure 1430 through chimneys / 
Structure 1320 generates heat during operation and is return paths 1440. In addition , blades 1460A move fluid 
desired to be cooled . from the distal side of blades 1460A to the proximal side of 

Piezoelectric cooling system 1300 includes multiple cells 30 blades 1460A . 
1301 each of which includes a piezoelectric blade element Cells 1401A operate in an analogous manner to piezo 
1310. Cells 1301 may have the same size range as described electric cooling systems described herein . Thus , cooling 
above such that S is at least three millimeters and not more elements 1410 generate jets of air generally directed toward 
than five millimeters . Piezoelectric blade elements 1310 are structure 1430. Cells 1451A move fluid along the surface of 
oriented at angle o when quiescent . When actuated , piezo- 35 structure 1430 in the direction shown by arrows in FIG . 17A . 
electric blade elements 510 vibrate between angles 01 and Thus , in addition to cells 1401A cooling structure 1430 , cells 
02. In some embodiments , the angle of vibration ( 02-01 ) is 1451A may move the fluid to which heat from structure 1430 
at least five degrees and not more than twenty degrees . The has been transferred along the surface of structure 1430 . 
lengths of the piezoelectric blade elements 510 may vary Thus , in addition to the benefits of piezoelectric cooling 
depending upon the distance to structure 1330 and the angle 40 systems described herein , the heat may be more effectively 
of operation . For example , the vibrating portion of blade 
elements 1310 may be at least one millimeter and not more FIG . 17B depicts piezoelectric cooling system 1400B 
than five millimeters in length . In some embodiments , the including cells 1401B and 1451B . Each cell 1401B includes 
frequency of vibration is nominally 300 Hz . In some cooling element 1410 and orifice plate 1420 having aper 
embodiments , Q is nominally thirty degrees and h is nomi- 45 tures 1422 that are analogous to cells , piezoelectric cooling 
nally two hundred fifty microns . The top of each piezoelec- elements , and orifice plates having apertures described 
tric blade element 1310 is a distance , d , above the surface of herein . For simplicity , valve and apertures in cooling ele 
structure 1320. In some embodiments , d is at least three ment 1410 are represented by entry path 1412. Return path , 
hundred microns and not more than five hundred microns . or chimney 1440 , between cells 1401B are also shown . Cells 

In operation , piezoelectric blade elements 1310 vibrate , 50 1451B are analogous to cells 701 and thus include cooling 
drawing fluid from the distal side of one piezoelectric elements 1460B and orifice plates 1461 having apertures 
element to the proximal side of another piezoelectric ele- therein . 
ment . This motion of the fluid can be seen by the curved Cells 1401B operate in an analogous manner to piezo 
arrows in FIG . 16. Because the fluid is driven along the electric cooling systems described herein . Thus , cooling 
surface of structure 1330 , the fluid can carry heat away from 55 elements 1410 generate jets of air generally directed toward 
structure 1330. Thus , piezoelectric cooling system 1300 can structure 1430. Cells 1451B move fluid along the surface of 
cool structure 1330 more efficiently than , for example , an structure 1430 in the direction shown by arrows in FIG . 17B . 
electric fan . In some embodiments , cooling cells such as Thus , in addition to cells 1401B cooling structure 1430 , cells 
cells 701 ( rotated ninety degrees ) or 801 might be used . In 1451B may move the fluid to which heat from structure 1430 
addition , piezoelectric cooling structure 1300 can be com- 60 has been transferred along the surface of structure 1430 . 
bined with one or more of piezoelectric cooling structures Thus , in addition to the benefits of piezoelectric cooling 
100 , 100A , 200 , 1100A , 1100B , 1100C , 1100D , 1200A , systems described herein , the heat may be more effectively 
1200B and / or 1200C . In such an embodiment , piezoelectric 
blade elements 1310 can aid in drawing air along the FIG . 18 is a plan view of an exemplary embodiment of 
corresponding heat generating structure . For example , FIG . 65 cooling cells 1501 usable with a heat - generating structure . 
1D indicates that fluid is driven not only through orifices For clarity , only certain components are shown and FIG . 18 
122 , but also along the surface of structure 130. This might is not to scale . Piezoelectric cooling cell 1501 is used in 
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connection with a semiconductor structure or electronic embodiment shown , chipset 1650 is cooled by correspond 
device 1502. Piezoelectric cooling cells 1501 are analogous ing piezoelectric cooling system 1670 and 1672. In other 
to one or more of cooling cells described herein having embodiments , more or fewer piezoelectric cooling systems 
cooling elements that move fluid from a distal to a proximal may be used . For example , a particular chipset 1650 may be 
side of the cooling element . In an alternate embodiment , one 5 cooled from both sides . Other configurations are possible . 
or more of cooling cells 1400 may be analogous to cells Thus , the benefits of significant cooling that may be quiet 
1301. Although as including the same cells , one or more of and at relatively low power due to resonance may be 
the arrays may include different cells . For example , cells achieved without substantially increasing the thickness of 
having active valves , cells having passive valves and / or cells mobile device 1600 . 
not using valves may be mixed within a single array and / or 10 FIG . 20A is a diagram depicting an exemplary embodi 
between multiple arrays . ment of cooling system 1700 and associated electronics . For 

Multiple piezoelectric cooling cells 1501 are distributed clarity , only certain components are shown and FIG . 20A is 
across electronic device 1502. In the embodiment shown , not to scale . Cooling system 1700 is a piezoelectric cooling 
three groups of piezoelectric cooling cells 1501 are shown . system analogous to those described herein . In the embodi 
In particular , a 1x1 rectangular array ( shown as having a 15 ment shown , piezoelectric cooling system 1700 includes 
larger cooling cell 1501 ) , a 3x2 rectangular array and a 3x1 cells 1701 having chimneys ( unlabeled circles ) between the 
rectangular array of piezoelectric cooling cells 1501 are cells . Cells 1701 are analogous to cells described herein that 
shown . In some embodiments , each of the arrays is in include a cooling element that moves fluid from the distal to 
proximity to a different structure , such as an integrated the proximal side of the cooling element and may include an 
circuit , that generates heat and is desired to be cooled . Some 20 orifice plate having orifices therein . Also included in piezo 
or all of the arrays are within a semiconductor package in a electric cooling system are cells 1710 that are analogous to 
manner analogous to cooling system 1200C in some cells 1301 , 1451A or 1451B . Thus , piezoelectric cooling 
embodiments . In other embodiments , some or all of the system 1700 is analogous to piezoelectric cooling system 
arrays are outside of a semiconductor package in a manner 1400A or 1400B . In other embodiments , other configura 
analogous to cooling system 1200B . Other shapes and sizes 25 tions may be used . Further additional and / or other arrays of 
of arrays are possible . In some embodiments , the 1x1 array , cooling cells may be used . 
3x2 array and 3x1 array may be individually driven . In some Also shown are processor 1740 and power source 1750 
embodiments , each individual cell 1501 in one or more of that may be a power management integrated circuit ( PMIC ) 
the arrays may be individually driven . Further , in some that may be part of the components already present in the 
embodiments , one or more of cells 1501 may be activated to 30 mobile or other device in which cooling system 1700 is 
varying amplitudes of deflection of the corresponding cool- used . Although shown as distal from cooling system 1700 , 
ing elements . Thus , varying sizes , numbers , configurations in some embodiments processor and / or power source 1750 
and activation of piezoelectric cooling cells 1501 can be may be cooled using cooling system 1700. Also shown are 
utilized to cool hot spots of an electronics device . electronics 1720 , interface 1730 and controller 1760. Inter 
FIG . 19 is a diagram depicting an exemplary embodiment 35 face 1730 communicates with processor 1740 and power 

of a mobile device 1600 incorporating a piezoelectric cool- source 1750 , as well as any desired remaining components 
ing system . For clarity , only certain components are shown of the device . For example , interface 1730 may receive 
and FIG . 19 is not to scale . Mobile device 1600 may be a signals from temperature sensors located on portions of the 
smartphone or other analogous device . Mobile device 1600 device which are desired to be cooled . Power to piezoelec 
includes display stack 1610 , midframe 1620 , heat generating 40 tric cooling system 1700 is also provided from power source 
structure 1650 , heat spreader 1660 , piezoelectric cooling 1750 via interface 1730. Electronics 1720 includes a com 
systems 1670 and 1672 and back cover 1680. For example , munications interface for receiving control signals and 
heat generating structure 1650 may include one or more addressing circuitry for selectively activating individual 
chipsets and printed circuit board ( s ) ( PCB ) . Also shown are cells 1701 or groups of cells 1701. For example , addressing 
airgaps 1690 , 1692 , 1694 and 1696 , which may be one 45 circuitry might include row and column selectors managed 
hundred microns or more thick . Components 1610 , 1620 , by controller 1760. Controller 1760 thus selectively drives 
1650 , and 1680 already in mobile device 1600 generally cells 1701 via electronics 1720. In some embodiments , 
range in thickness from 0.5 millimeter through two milli- software used to control piezoelectric cooling system 1700 
meters . As described above , piezoelectric cooling systems is implemented by processor 1740. For example , processor 
1670 and 1672 may each be five hundred microns ( 0.5 50 1740 may implement software used to tune piezoelectric 
millimeter ) thick or less . In other embodiments , more or cooling elements to resonance . Thus , individual cells 1701 
fewer piezoelectric cooling systems may be employed . or groups of cells 1701 can be selectively driven . Further , 
Thus , piezoelectric cooling systems 1670 and / or 1672 may although a single array 1700 is shown , multiple arrays may 
be incorporated into mobile device 1600 without signifi- be driven using the same electronics 1720 , 1730 , 1740 , 1750 
cantly altering its thickness . Piezoelectric cooling systems 55 and 1760. Such a system is shown in FIG . 20B , in which 
1670 and / or 1672 may have one or more arrays of cooling array 1700B including cells 1701B is also driven . 
cells . The arrays and / or cooling cells within the arrays may FIG . 21 is a flow chart depicting an exemplary embodi 
be selectively driven , as described herein . Piezoelectric ment of method 1800 for operating a cooling system . 
cooling system 1670 may and may be used to cool multiple Method 1800 may include steps that are not depicted for 
components , such as multiple integrated circuits in 60 simplicity . Method 1800 is described in the context of 
chipset ( s ) 1650 , sensors , one or more batteries ( not explic- piezoelectric cooling system 100. However , method 1800 
itly depicted but which may be coupled to PCB 1640 ) and / or may be used with other cooling systems including but not 
other components . Further , although two piezoelectric cool- limited to systems and cells described herein . Method 1800 
ing systems 1670 and 1672 are shown as incorporated into may be performed using controller 1760 and / or processor 
mobile device 1600 at a particular location , in other embodi- 65 1740 . 
ments , one or more piezoelectric cooling systems might be The cells 101 to be driven are selected for driving at 1802 . 
incorporated at other and / or additional locations . In the Thus , some cells in an array may be left dormant or driven 
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at another time . The selection of cells 101 to be driven at may also be considered part of method 1800. Method 1900 
1802 may be based upon heat in a given region , for example may be performed using controller 1760 and / or processor 
as measured by a temperature sensor such as sensor 1263. In 1740 . 
some embodiments , an increase in clock speed of a proces- The local temperatures of portions of the structure / device 
sor is expected to generate heat and thus may be used to to be cooled are measured at 1902. For example , the 
proactively select cells 101 in the vicinity of the processor processor subsystems zone temperatures , battery tempera 
for activation . Thus , the selection of cells 101 to be driven ture , sensor temperature , active antenna array temperature or 
may be based on a clock measurement or a measurement of other temperature of interest may be measured at 1902 . 
junction temperature ( e.g. a higher junction temperature ) Based on this temperature , one or more of piezoelectric 
that indicates that clock speed is high . Cells 101 selected to cooling element 110 in the region is driven at or near 
be driven may be based upon predicted heat generation for resonance , at 1904. At 1904 , the amplitude , phase , and other 
a particular region because of use of certain function ( s ) . For aspects of driving cooling elements 110 may be selected and 
example , in response to a pattern of usage such as video updated . Further , as piezoelectric cooling system 100 cools 
streaming for longer times , daily usage patterns or other the desired structure 130 , the voltage , phase , frequency 
activities , processor 1740 may be predicted to generate heat . and / or other parameters used in driving cooling elements 
Based upon this prediction , cells 101 in proximity to the 110 may be adjusted . Thus , piezoelectric cooling systems 
processor may be activated . Accessing certain function ( s ) may more efficiently and quietly cool semiconductor devices 
which may consume power , use of particular interfaces such at lower power . 
as communications interfaces for a mobile or non - mobile FIG . 23 is a flow chart depicting an exemplary embodi 
device or other activities which have or are expected to ment of method 2000 for operating a cooling system . 
generate heat may result in one or more nearby cells 101 Method 2000 may include steps that are not depicted for 
being selected for activation at 1802 . simplicity . Method 2000 is described in the context of 

If piezoelectric cooling element 110 is to be driven at or piezoelectric cooling system 100. However , method 2000 
near resonance , then the system is optionally tuned for the 25 may be used with other cooling systems including but not 
resonance of cooling element 110 , at 1804. In some embodi- limited to systems and cells described herein . Method 2000 
ments , this includes configuring cooling elements 110 to may be performed using controller 1760 and / or processor 
have the appropriate size , material properties , stiffness and 1740 . 
robustness to be operated at resonance . In addition , cooling The cells 101 to be driven are selected for driving based elements 110 are also designed to have a resonance at or 30 upon heat generated or a prediction of heat generated , at around the desired range for driving . For example , if the 2002. 2002 may include measuring temperature in the piezoelectric cooling element is desired to be driven at vicinity of the desired components , monitoring processor ultrasonic frequencies ( at or above 15 kHz ) , then piezoelec 
tric cooling element 110 is designed to have a resonance clock speed , monitoring battery use , monitoring the func 
frequency in this range . However , individual piezoelectric 35 tions selected for use or other aspects of the device . Based 
cooling elements 110 may have variations in their resonant on this information , whether and how to drive cell ( s ) is 
frequency . As such , 1804 also includes calibrating and determined at 2002. For example , in response to a pattern of 
adjusting the driving frequency to match a resonant fre video streaming or other activities , heat may be predicted to 
quency of the piezoelectric cooling elements 110 . be generated . Based upon this prediction , cells 101 in 
One or more of the piezoelectric cooling elements 110 are 40 proximity to the processor subsystem zones may be acti 

then driven at the desired frequency , at 1806. At 1806 , the vated . Accessing certain function which may consume 
amplitude of deflection for cooling elements 110 may be power , use of particular interfaces such as communications 
controlled . Thus , a cooling element may but need not be interfaces for a mobile or other device or other activities 
driven at the maximum possible amplitude . Further , if which have or are expected to generate heat may result in 
multiple cells 101 are driven , this may be carried out such 45 one or more nearby cells 101 being selected for activation at 
that certain cells 101 are driven at different phases . For 1802 . 
example , adjacent cells may be driven with a particular The selected piezoelectric cooling element ( s ) 110 are 
phase difference including but not limited to being one driven at the desired frequency , at 2004. At 2004 , the 
hundred and eighty degrees out of phase . As part of 1804 , amplitude of deflection for cooling element ( s ) 110 , driving power used to drive piezoelectric cooling elements 110 may 50 frequency , phase , and other aspects of operation of piezo be reduced once resonance is achieved . The mechanical electric cooling system 100 may be controlled . Method 2000 resonance and under - damping of cooling system 100 may be 
utilized to reduce , or minimize , power expended in cooling . thus provides for use of piezoelectric cooling systems 

described herein . Thus , piezoelectric cooling systems may Thus , sufficient power to maintain vibration of cooling 
elements 110 at or near the resonance frequency may be 55 more efficiently and quietly cool electronic devices at lower 
maintained . Consequently , piezoelectric cooling elements power . 

110 operate as described above . Method 1800 thus provides Thus , various embodiments of cooling structures , their 
for use of piezoelectric cooling systems described herein . components , and method of operations have been disclosed . 
Thus , piezoelectric cooling systems may more efficiently Various features may be omitted and / or combined in ways 
and quietly cool semiconductor devices at lower power . not explicitly disclosed herein . As a result , cooling of 
FIG . 22 is a flow chart depicting an exemplary embodi- heat - generating structures may be improved . 

ment of method 1900 for operating a cooling system . Although the foregoing embodiments have been 
Method 1900 may include steps that are not depicted for described in some detail for purposes of clarity of under 
simplicity . Method 1900 is described in the context of standing , the invention is not limited to the details provided . 
piezoelectric cooling system 100. However , method 1900 65 There are many alternative ways of implementing the inven 
may be used with other cooling systems including but not tion . The disclosed embodiments are illustrative and not 
limited to systems and cells described herein . Method 1900 restrictive . 
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What is claimed is : 11. The piezoelectric cooling chamber of claim 1 , wherein 
1. A piezoelectric cooling chamber comprising : the array of orifices occupies at least two percent and not 
a piezoelectric cooling element wherein a vibrational more than five percent of the at least one surface . 

motion of the piezoelectric cooling element causes an 12. The piezoelectric cooling chamber of claim 1 , wherein 
increase or decrease in a chamber volume as the 5 the array of orifices occupy at have a varying density across 
piezoelectric cooling element is deformed , the piezo the at least one surface . 
electric cooling element having cooling element edges 13. The piezoelectric cooling chamber of claim 1 , further 
coupled to spacers of the piezoelectric cooling chamber comprising : 
at cooling element edges ; an additional valve configured such that recapture of the 

an array of orifices distributed on at least one surface of fluid escaping through the array of orifices back into the 
piezoelectric cooling chamber is substantially pre the piezoelectric cooling chamber , the array of orifices vented . allowing escape of a fluid from within the piezoelectric 14. The piezoelectric cooling chamber of claim 13 , cooling chamber during the decrease in the chamber wherein the additional valve is in contact with at least a volume in response to the vibrational motion of the 15 portion of the at least one surface during the increase in the piezoelectric cooling element ; and chamber volume and distal from the at least the portion of 

a valve configured to admit the fluid into the piezoelectric the at least one surface during the decrease in the chamber 
cooling chamber when the chamber volume increases volume . 
and to substantially prevent the fluid from exiting the 15. The piezoelectric cooling chamber of claim 14 , 
piezoelectric cooling chamber through the valve when 20 wherein the additional valve is an active valve . 
the chamber volume decreases , the valve having valve 16. The piezoelectric cooling chamber of claim 1 , wherein 
edges , the valve being coupled to the spacers of the a frequency of the vibrational motion of the piezoelectric 
piezoelectric cooling chamber at the valve edges ; cooling element is greater than 15 kHz . 

wherein the valve has at least a first aperture , the piezo- 17. The piezoelectric cooling chamber of claim 1 , further 
electric cooling element has at least a second aperture , 25 comprising : 
and each of the at least the first aperture is offset from at least one piezoelectric element configured to drive the 
each of the at least the second aperture such that the piezoelectric cooling element to cause the increase and 
fluid is restricted from flowing through the at least the the decrease the chamber volume . 
first aperture and through the at least the second aper- 18. A piezoelectric cooling chamber comprising : 
ture for the valve being in proximity to the piezoelectric 30 a piezoelectric cooling element wherein a vibrational 
cooling element ; motion of the piezoelectric cooling element causes an 

wherein for the valve allowing the fluid to flow through increase or decrease in a chamber volume as the 
the least the first aperture and the at least the second piezoelectric cooling element is de ed , the piezo 
aperture , the valve remains attached to the spacers at electric cooling element having cooling element edges 
the valve edges and the cooling element remains 35 coupled to spacers of the piezoelectric cooling chamber 
attached to the spacers at the cooling element edges ; at cooling element edges ; 
and an array of orifices distributed on at least one surface of 

wherein the valve is an active valve . the piezoelectric cooling chamber , the array of orifices 
2. The piezoelectric cooling chamber of claim 1 , wherein allowing escape of a fluid from within the piezoelectric 

the piezoelectric cooling element has a concavity that 40 cooling chamber during the decrease in the chamber 
changes as the piezoelectric cooling element is deformed . volume in response to the vibrational motion of the 

3. The piezoelectric cooling chamber of claim 1 , wherein piezoelectric cooling element ; and 
a surface of the at least one surface the array of orifices are a valve configured to admit the fluid into the piezoelectric 
distributed on includes the piezoelectric cooling element . cooling chamber when the chamber volume increases 

4. The piezoelectric cooling chamber of claim 1 , wherein 45 and to substantially prevent the fluid from exiting the 
at least a portion of the array of orifices move during the piezoelectric cooling chamber through the valve when 
increase and the decrease in the chamber volume . the chamber volume decreases , the valve having valve 

5. The piezoelectric cooling chamber of claim 1 , wherein edges , the valve being coupled to the spacers of the 
the array of orifices are substantially stationary during the piezoelectric cooling chamber at the valve edges ; and 
increase and the decrease in the chamber volume . wherein the valve has at least a first aperture , the piezo 

6. The piezoelectric cooling chamber of claim 1 , wherein electric cooling element has at least a second aperture , 
at least a portion of the array of orifices has an axis at a and each of the at least the first aperture is offset from 
nonzero acute angle from a normal to the at least one each of the at least the second aperture such that the 
surface . fluid is restricted from flowing through the at least the 

7. The piezoelectric cooling chamber of claim 1 , wherein 55 first aperture and through the at least the second aper 
of the array of orifices has a diameter of at least fifty microns ture for the valve being in proximity to the piezoelectric 
and not more than two hundred microns . cooling element ; 

8. The piezoelectric cooling chamber of claim 7 , wherein wherein for the valve allowing the fluid to flow through 
the diameter increases with increasing distance from a center the at least the first aperture and the at least the second 
of the at least one surface . aperture , the valve remains attached to the spacers at 

9. The piezoelectric cooling chamber of claim 1 , wherein the valve edges and the cooling element remains 
the piezoelectric cooling chamber is at least forty microns attached to the spacers at the cooling element edges ; 
and not more than five hundred microns in depth and not and 
more than seven millimeters in length . wherein the valve includes a piezoelectric valve element 

10. The piezoelectric cooling chamber of claim 9 , wherein 65 having the at least the first aperture therein , the piezo 
the depth of the piezoelectric cooling chamber is not more electric valve element being in contact with the piezo 
than two hundred microns . electric cooling element during the decrease in the 
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chamber volume such that a fluid flow through the at second aperture such that the fluid is restricted from 
least the first aperture and the at least the second flowing through the at least the first aperture and 
aperture is substantially prevented and distal from the through the at least the second aperture for the valve 
piezoelectric cooling element during the increase in the being in proximity to the piezoelectric cooling element , 
chamber volume such that the fluid flows through the at 5 the piezoelectric cooling element having cooling ele 
least the first aperture and the at least the second ment edges coupled to spacers of the piezoelectric 
aperture . cooling chamber at cooling element edges , the valve 

19. A piezoelectric cooling chamber , comprising : having valve edges , the valve being coupled to the 
a piezoelectric cooling element wherein a vibrational spacers of the piezoelectric cooling chamber at the 

motion of the piezoelectric cooling element causes an valve edges ; and 
increase or decrease in a chamber volume as the a plurality of exhaust chimneys interposed between the 
piezoelectric cooling element is deformed , the piezo- plurality of cells , allowing fluid exiting the chamber 
electric cooling element having cooling element edges from the plurality of orifices to be transported away 
coupled to spacers of the piezoelectric cooling chamber from the plurality of orifices ; 
at cooling element edges ; wherein for the valve allowing the fluid to flow through 

an array of orifices distributed on at least one surface of the at least the first aperture and the at least the second 
the piezoelectric cooling chamber , the array of orifices aperture , the valve remains attached to the spacers at 
allowing escape of a fluid from within the piezoelectric the valve edges and the cooling element remains 
cooling chamber during the decrease in the chamber attached to the spacers at the cooling element edges . 
volume in response to the vibrational motion of the 20 21. The piezoelectric cooling system of claim 20 , wherein 
piezoelectric cooling element ; and each of the plurality of cells further includes : 

a valve configured to admit the fluid into the piezoelectric an additional valve , the additional valve being in contact 
cooling chamber when the chamber volume increases with at least a portion of the at least one surface during 
and to substantially prevent the fluid from exiting the the increase in the chamber volume and separated from 
piezoelectric cooling chamber through the valve when 25 the at least the portion of the at least one surface during 
the chamber volume decreases , the valve having valve the decrease in the chamber volume , such that recapture 
edges , the valve being coupled to the spacers of the of the fluid escaping through the orifices back into the 
piezoelectric cooling chamber at the valve edges ; chamber is substantially prevented . 

wherein the valve has at least a first aperture , the piezo- 22. The piezoelectric cooling system of claim 21 , wherein 
electric cooling element has at least a second aperture , 30 the additional valve is an active valve . 
and each of the at least the first aperture is offset from 23. A method of providing a piezoelectric cooling cham 
each of the at least the second aperture such that the ber comprising : 
fluid is restricted from flowing through the at least the providing a piezoelectric cooling element wherein a 
first aperture and through the at least the second aper- vibration of the piezoelectric cooling element causes an 
ture for the valve being in proximity to the piezoelectric 35 increase or decrease in a chamber volume of the 
cooling element ; piezoelectric cooling chamber as the piezoelectric cool 

wherein for the valve allowing the fluid to flow through ing element is deformed , the piezoelectric cooling 
the at least the first aperture and the at least the second element having cooling element edges coupled to spac 
aperture , the valve remains attached to the spacers at ers of the piezoelectric cooling chamber at cooling 
the valve edges and the cooling element remains 40 element edges ; 
attached to the spacers at the cooling element edges ; providing an array of orifices distributed on at least one 
and surface of the piezoelectric cooling chamber , the array 

an additional valve between the array of orifices and the of orifices allowing escape of a fluid from within the 
piezoelectric cooling element , and wherein the piezo- piezoelectric cooling chamber during the decrease in 
electric cooling element is between the additional valve 45 the chamber volume in response to the vibration of the 
and the valve , the chamber volume being defined by the piezoelectric cooling element ; and 
valve and the additional valve . providing a valve configured to admit the fluid into the 

20. A piezoelectric cooling system , comprising : piezoelectric cooling chamber when the chamber vol 
a plurality of cells , each of the plurality of cells including ume increases and to substantially prevent the fluid 

a chamber having a piezoelectric cooling element , a 50 from exiting the piezoelectric cooling chamber through 
plurality of orifices and a valve , the valve being an the valve when the chamber volume decreases , the 
active valve , a vibrational motion of the piezoelectric valve having valve edges , the valve being coupled to 
cooling element causing an increase or decrease in a the spacers of the piezoelectric cooling chamber at the 
chamber volume of the chamber as the piezoelectric valve edges , the valve being an active valve ; 
cooling element is deformed , the plurality of orifices 55 wherein the valve has at least a first aperture , the piezo 
being distributed on at least one surface of the chamber , electric cooling element has at least a second aperture , 
the orifices allowing escape of a fluid from within the and each of the at least the first aperture is offset from 
chamber during the decrease in the chamber volume in each of the at least the second aperture such that the 
response to the vibrational motion of the piezoelectric fluid is restricted from flowing through the at least the 
cooling element , the valve admitting the fluid into the 60 first aperture and through the at least the second aper 
chamber during an increase in the chamber volume and ture for the valve being in proximity to the piezoelectric 
substantially preventing the fluid from exiting the cooling element ; and 
chamber through the valve during a decrease in the wherein for the valve allowing the fluid to flow through 
chamber volume , the valve having at least a first the at least the first aperture and the at least the second 
aperture , the piezoelectric cooling element having at 65 aperture , the valve remains attached to the spacers at 
least a second aperture , each of the at least the first the valve edges and the cooling element remains 
aperture being offset from each of the at least the attached to the spacers at the cooling element edges . 
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24. The method of claim 23 , further comprising : 
providing an additional valve , the additional valve being 

in contact with at least a portion of the at least one 
surface during the increase in the chamber volume and 
separated from the at least the portion of the at least one 
surface during the decrease in the chamber volume , 
such that recapture of the fluid escaping through the 
array of orifices back into the piezoelectric cooling 
chamber is substantially prevented . 
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